Investigating the underlying mechanisms of axis
formation in Drosophila melanogaster

Andrew Thomas Plygawko
Peterhouse

A dissertation submitted to the
University of Cambridge for the degree of
Doctor of Philosophy
September 2019

Summary
The establishment of the body axes has been well-studied in Drosophila melanogaster, and is
known to occur prior to fertilisation in the developing egg chamber as a result of crosstalk
between the germline and the surrounding somatic epithelium. Whilst it is known that the
formation of the anterior-posterior and dorsal-ventral axes occurs due to the establishment
of oocyte cell polarity and repositioning of the oocyte nucleus, respectively, the nature of the
signals sent from the soma to trigger these two events, and the method through which these
signals are transduced, remain unclear.
In an attempt to elucidate these underlying mechanisms, studies of both the follicle
epithelium and germline were undertaken. Posterior follicle cells are known to be responsible
for the formation of both body axes through signalling, but very few factors have been
identified which perturb this process. The transcriptomic method Targeted DamID was used
to quantify gene expression in these cells, compared to their lateral follicle cells counterparts.
This resulted in the identification of 140 genes which were either uniquely expressed or
upregulated in posterior follicle cells. Specific subsets of these genes were knocked down via
RNAi, and the impact of this knockdown on axis formation determined. However, an
attempted validation of these observed phenotypes through CRISPR-based mutagenesis or
analysis of extant alleles failed to recapitulate many of the expected defects. Subsequent
experiments have attempted to further narrow this list of differentially-expressed genes to
provide a more specific profile of the posterior follicle cell transcriptome.
In parallel, a forward genetic screen was undertaken to identify novel factors required for axis
formation in the germline. Whole genome sequencing of a mutant which fails to establish cell
polarity identified the causative mutation as a SNP in the enzyme CDP-diacylglycerol synthase
(CdsA), required for the production of a number of phospholipid species. An initial
characterisation of this mutant phenotype suggested the activity of CdsA is required to recruit
the polarity kinase Par-1 to the posterior of the oocyte. A further analysis established that the
production of phosphatidylglycerol-based species is dispensable for oocyte polarity
establishment, suggesting that the phenotype of cdsa alleles is produced due to its impact on
phosphatidylinositol synthesis. Additionally, an analysis of the localisation of the PIP2
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derivative diacylglycerol using a fluorescent biosensor revealed its localisation was not
uniform within the oocyte.
To better understand potential downstream functions of oocyte cell polarity in the context of
axis formation, several previously-identified Par-1 phosphorylation target sites were
examined. The six sites of interest were located in the eIF4E-binding protein Cup, which is
required to repress translation of osk mRNA until it is posteriorly-localised. To analyse the
function of these phosphorylation sites, several Cup-GFP transgenes expressed under the
endogenous Cup promoter were created, in which these phosphorylation sites were
perturbed. Expression of these constructs in a cup mutant background rescued their
premature egg chamber degradation phenotype. However, due to technical difficulties in the
creation of these phosphorylation mutant transgenes, it remains unclear to what extent Par1 phosphorylation affects the function of Cup in the context of osk mRNA translation.
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Introduction
The establishment of the body axes is a vital step in the early development of almost all
complex life. The resulting asymmetric spatial distribution of cell specification determinants
and morphogens gives rise to a series of intersecting quantities at any point along these axes,
providing an individual cell with the ability to triangulate its location and, consequently, its
intended fate.
Although the mechanisms through which these morphogen gradients establish different cell
populations and tissues have garnered extensive study, the mechanisms underlying the
initialisation of these gradients and their underpinning axes remain elusive. Herein, the
developing egg chambers of Drosophila melanogaster are used as a model system for the
analysis of axis formation. This work has focused on the signalling between the germline and
the surrounding epithelial monolayer, as well as on the downstream implications of this
germline-soma interplay for the correct regulation of posterior determinants at later stages
of development.

1.1 An overview of Drosophila oogenesis
The egg chambers of Drosophila melanogaster have proven a valuable system for the study
of a multitude of processes, such as the establishment and maintenance of cell polarity, the
progressive adoption of cell fate – including the mutual signalling between cell populations
to constrain their own spatial boundaries – and the specification of the body axes.
These egg chambers are created in the ovary. An adult female fly possesses two ovaries,
consisting of assembly lines of progressively maturing egg chambers. Each of these strings of
egg chambers is called an ovariole, of which there are 18 in each ovary.
The egg chamber is comprised of two tissues. The first is the germline, which contains the
maternal genome to be passed on to the next generation, in addition to any maternally
deposited proteins and RNAs which may be required for the early development of the
embryo. The second is a monolayer of somatic epithelial cells, termed follicle cells. These
follicle cells encapsulate the germline during the earliest stages of oogenesis, and continue to
do so until the end of oogenesis. These two tissues are first created in a structure at the

anterior tip of each ovariole containing the requisite stem cells for continuous production.
This structure is termed the germarium.
The germarium contains a multitude of different cell populations. At the anterior-most tip are
the terminal filament cells, which are known to be required for the formation of the ovariole
(Sahut-Barnola et al., 1996). In concert with the neighbouring cap cells, these terminal
filament cells utilise hedgehog signalling (Forbes et al., 1996a; Forbes et al., 1996b; Zhang and
Kalderon, 2001) to maintain the niche for a population of up to 16 follicle stem cells (Reilein
et al., 2017). These cap cells also act with a further population of cells, called escort cells, to
maintain the germline stem cell niche through a dual mechanism involving sustained
production of the Decapentaplegic ligand (Xie and Spradling, 1998), and the anchorage of the
germline stem cells in their niche through E-cadherin adhesion (Song et al., 2002).
Asymmetric division of germline stem cells produces a daughter cell called a cystoblast. This
cystoblast, in turn, undergoes four rounds of partial mitosis to create a germline cyst of 16
cells, with the entire cyst migrating posteriorward during this process of division. These cells
are connected by the arrested remnants of the cytokinetic cleavage furrow (Pepling et al.,
1999), termed a ring canal, which allows for the exchange of cytoplasmic material through
the cyst. This material includes a germline-specific organelle called the fusome, comprised of
cytoskeletal components and membranous structures, which aids in synchronisation of early
cyst development, as well as oocyte specification (Grieder et al., 2000; Snapp et al., 2004).
Due to the topology of the constituent cells in the cyst, only two of these 16 cells will possess
four ring canals (Robinson et al., 1994). These two cells become pro-oocytes during the later
stages of development in the germarium until, through a mechanism which has yet to be
determined, one of these cells becomes the mature oocyte and the other reverts to become
like the other 14 germline cells (González-Reyes et al., 1997). The end result of these divisions
is a meiotically-arrested oocyte, anchored at the posterior of the developing egg chamber
through E-cadherin (Godt and Tepass, 1998; Gonzalez-Reyes and St Johnston, 1998),
connected to 15 nurse cells. These nurse cells are transcriptionally active, and are responsible
for the production of protein and mRNAs to be shuttled into the oocyte throughout
oogenesis.
By the time of oocyte specification and posterior positioning, the germline cyst has migrated
to the posterior end of the germarium. The follicle cells, which line the periphery of the
germarium, at this point bud off from the rest of the epithelium to form a discrete egg
12

chamber away from the rest of the germarium material. These egg chambers are kept
separate from one another by a subset of follicle cells called stalk cells (Tworoger et al., 1999).
These egg chambers then progress through 14 distinct developmental stages in which both
the germline and the surrounding epithelium undergo gross morphological changes, often
concomitant with changes in follicle cell fate. Over the course of oogenesis the oocyte
progressively grows to become the dominant cell in the egg chamber. During early stages this
is a result of the transfer of material from the nurse cells to the oocyte. However, from stage
8 onwards, the follicle cells synthesise and traffic yolk proteins to the oocyte to provide
sufficient nutrition to survive during embryogenesis (Brennan et al., 1982). The subsequent
growth of the oocyte which occurs during this uptake is supplemented at stage 10B by the
actomyosin-mediated contraction of the nurse cells to transfer their remaining contents to
the oocyte prior to their programmed cell death (Gutzeit, 1986; McCall, 2004). This process
ends at stage 14, at which point the follicle cells at the posterior of the egg chamber rupture,
releasing the mature egg into the oviduct for fertilisation and deposition (Deady and Sun,
2015).

1.2 Axis formation in eggs and embryos
An early process in the development of the embryo is the patterning of the embryo along the
anterior-posterior axis. Shortly after fertilisation, the embryo undergoes incomplete mitosis
to produce a large number of evenly-spaced nuclei at the periphery of a now-syncytial embryo
(Rabinowitz, 1941). At the same time as this, a number of maternally-deposited, highly
localised RNAs deposited during oogenesis, including the anterior morphogen bicoid and the
posterior nanos are translated. The localisation of these RNAs results in embryonic gradients
of their cognate proteins, which encode transcriptional and translational regulators that
activate the transcription of downstream gap genes. Upon the cellularisation of the embryo
(Mazumdar and Mazumdar, 2002), these proteins regulate the translation of the transcription
factors Hunchback and Caudal, which can then translocate to nearby nuclei and play a role in
anterior and posterior determination, respectively. The relative protein concentrations of
these initial so-called maternal effect genes results in the localised expression of
segmentation genes in the embryo, producing a cascade of transcriptional changes to
produce the necessary segments for body plan establishment in Drosophila (Kimelman and
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Martin, 2012). A similar scenario occurs with respect to the dorsal-ventral axis, wherein the
binding of the transcription factor Dorsal by Cactus blocks its nuclear translocation in the
developing embryo. However, the Toll signalling pathway – activated only at the ventral side
of the egg due to follicle cell specification during oogenesis (Anderson et al., 1985a; Anderson
et al., 1985b) – degrades Cactus at the ventral side, allowing Dorsal to enter the nuclei and
establish the embryonic axis at this stage (Belvin et al., 1995; Bergmann et al., 1996; Reach et
al., 1996). Thus, both the anterior-posterior and dorsal-ventral axes iterate upon pre-existing
asymmetries in the egg. The formation of both body axes occurs prior to fertilisation in
Drosophila, during the middle stages of oogenesis, and is a consequence of sequential
signalling between the germline and the soma.

1.2.1 Axis formation relies on the establishment of progressive follicle cell populations
The follicle epithelium which surrounds the germline tissue in the egg chamber is not
homogeneous in nature, but instead patterned through several different signalling pathways.
This patterning is required for the processes of axis formation, and mutants which disrupt the
differentiation of several of these subpopulations disrupt the establishment of one or both
axes. The first such follicle cell population to arise during oogenesis is the polar cell. A set of
3-5 cells positioned at both termini of the egg chamber, polar cells, are specified through
Notch signalling, triggered by the secretion of the Notch ligand Delta signal from the germline
(López-schier and Johnston, 2001). This Notch signal is potentiated through expression of the
glycosyltransferase Fringe (Grammont and Irvine, 2002). This initial polar cell cluster is
progressively reduced to only two polar cells at each end of the egg chamber through
apoptosis (Besse and Pret, 2003; Khammari et al., 2011), though the physiological purpose of
this remains unclear. The polar cell clusters play their first crucial roles in oogenesis at this
stage, which is to secrete the STAT ligand Unpaired to neighbouring cells. This contributes to
the establishment of the stalk cell population, blocking any potential fusion of egg chambers
in the ovariole (Baksa et al., 2002; McGregor et al., 2002).
The other follicle cells, which have encapsulated the oocyte, undergo sequential rounds of
cell division to produce a final population of approximately 1000 follicle cells per egg
chamber. These divisions cease at stage 6 of oogenesis – by which point only four polar cells
remain per egg chamber – following the release of a second Delta signal from the germline to
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induce a switch to endoreplication (Deng et al., 2001; López-schier and Johnston, 2001). The
timing of this second Notch signal is known to be well-regulated by the follicle cells, as delayed
mitotic-to-endocycle switching can result in defects in the function of later subpopulations
such as border cells (Fic et al., 2019).
Additional polar cell secretion of Unpaired ligand at these mid-stages of oogenesis is
responsible for further epithelial patterning. As Unpaired diffuses through the extracellular
milieu as opposed to being actively transported, the result is that only cells within an
approximate 10-cell diameter from each polar cluster receive the signal (Gonzalez-Reyes and
St Johnston, 1998). This JAK/STAT signalling induces the subsequent adoption of a more
specific cell fate, becoming terminal cells (Xi et al., 2003). This signalling is released from both
pairs of polar cells, and therefore terminal cells are symmetrically positioned at both the
anterior and posterior ends of each egg chamber at this stage.
Symmetry breaking of the follicle epithelium occurs at stage 6, and is a crucial stage for the
formation of both body axes. The nucleus of the oocyte is tethered at the posterior pole at
this time. The mRNA gurken is synthesised in the nurse cells (Cáceres and Nilson, 2005) and
transported to the oocyte, where it associates with non-membranous organelles called
sponge bodies localised adjacent to the nucleus. The translation of this mRNA allows for the
secretion of the TGFα-like ligand Gurken to the follicle cells contacting the oocyte (NeumanSilberberg and Schüpbach, 1993). In wild type conditions the oocyte-contacting cells are the
polar cells and their surrounding population of terminal follicle cells. These cells are
competent to receive the Gurken signal through the EGF receptor Torpedo as a result of the
Unpaired signal sent from the polar cells. This Gurken receipt results in the activation of a
MAPK cascade, with the end result being their differentiation into a further subpopulation of
follicle cells termed posterior follicle cells (Gonzalez-Reyes et al., 1995; Roth et al., 1995).
As it is the oocyte that releases this signal, only one of the two terminal cell populations
receives the Gurken signal. Work by Gonzàlez-Reyes et al. (1998) showed that the cell fates
of anterior and posterior populations of terminal follicle cells would progress symmetrically
through to late oogenesis were it not for this receipt of Gurken by the posterior population
and their subsequent differentiation. Clones with a mutant allele of torpedo revealed that
posterior terminal cells which were blocked from adopting posterior follicle cell fate reverted
to either a border cell or centripetal cell fate – both default anterior terminal cell fates –
depending on their distance from the polar cells.
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Figure 1-1. A diagramatic overview of oogenesis. (A) The layout of a single Drosophila ovary, showing egg
chambers of increasing maturity along each ovariole, stemming from the germarium. Redrawn from Miller
(1950). (B) The structure of the germarium, containing labels for all somatic and germline cell populations. (C)
An early-stage egg chamber, in which the nucleus of the oocyte is still positioned at the posterior and the Gurken
signal (purple arrow) is secreted to the surrounding follicle cells. (D) A stage 6-8 egg chamber, at which point the
now-differentiated posterior follicle cells signal back to the oocyte to induce axis specification. (D) A stage 9 egg
chamber in which the nucleus is posteriorly positioned and osk, bcd, and grk mRNAs are all correctly localised.
The terminal cells at the anterior migrate between the germline cells as a cluster of border cells. Anterior is
oriented to the left in all diagrams.

In response to their differentiation via Gurken, the posterior follicle cells then send a further
signal or signals back to the germline to effect several responses. It is these signals, and their
transduction by the germline, which set up both the anterior-posterior and dorsal-ventral
axes.

1.2.2 The anterior-posterior axis is formed through oocyte polarity establishment
Cell polarity is an evolutionarily well-conserved mechanism, utilised by the vast majority of
animal cells, to induce an intracellular asymmetry of function. The mechanisms through which
different cell types polarise often rely on the same conserved set of canonical polarity
proteins first discovered in C. elegans (Kemphues et al., 1988), referred to as PAR
(partitioning-defective) proteins. These PAR proteins are cortically-localised and maintain a
mutually exclusive localisation, often driven by mutual antagonism and inhibition (Lang and
Munro, 2017), which allows for the spatially distinct regulation of the cytoskeleton (Raman et
al., 2018), trafficking (Ahmed and Macara, 2017), and myriad other factors and processes. The
establishment of cell polarity is known to be important for the organisation of a number of
epithelia in Drosophila (Harris and Peifer, 2005; Thompson, 2013), as well as for the
asymmetric cell division of neuroblasts (Prehoda, 2009), formation of tracheal tubes (Laprise
et al., 2010), and for the establishment of the A-P axis in the oocyte (St Johnston and Ahringer,
2010).
Whilst the components of different complexes and domains established in cell polarity differ
dependent on cell type and organism, a central core of conserved factors have been
identified, many of which also play roles in oocyte polarity. These include the PKC-like kinase
aPKC, and the scaffolding proteins Bazooka and Par-6, both of which associate with aPKC to
form a core complex for domain establishment. A second conserved factor is the kinase Par-
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1, which is the vital factor in the establishment of oocyte polarity. The result of signalling from
the posterior follicle cells to the germline at stage 6/7 is the formation of a crescent of Par-1
at the posterior cortex (Shulman et al., 2000).
In contrast with aPKC, which must exist in complex with Par-6/Baz to function correctly, Par1 does not always require binding partners to function. However, in the context of the
Drosophila oocyte, Par-1 associates with the two 14-3-3 proteins and is believed to deliver
14-3-3 directly to targets it phosphorylates (Benton et al., 2002). Posteriorly-localised Par-1 is
able to phosphorylate Bazooka to create the requisite 14-3-3 binding site. This leads to a
binding of Baz by 14-3-3, blocking its interaction with other components of the aPKC complex
at the posterior and therefore maintaining distinct cortical domains (Benton and St Johnston,
2003). Whilst this points to an inhibition of anterolateral components at the posterior, it has
also been established that anterolateral components inhibit their posterior counterparts. Tian
and Deng, (2008) demonstrated that the polarity factor Lgl was phosphorylated by aPKC to
constrain its localisation to the posterior. Both of these examples underline the importance
of mutual antagonism in the maintenance of cell polarity. However, whilst the inactivation of
aPKC at the posterior is important for the maintenance of cortical domains once polarity has
been established, as evidenced by the polarity defects when this system is perturbed, it is
reliant on Par-1 already having been localised.
The mechanism through which Par-1 is recruited cortically remains ill-characterised, with few
steps in this pathway identified. The first gene shown to be necessary for the polarisation of
the oocyte downstream of posterior follicle cell differentiation was the exon-junction
complex component mago nashi (Kataoka et al., 2001; Micklem et al., 1997). An examination
of the localisation of a Par-1-GFP protein trap in mago nashi mutants by Doerflinger et al.
(2006) showed that Par-1 was not posteriorly enriched in mutant egg chambers, and was
instead mislocalised to a nuclear-adjacent cell body of some kind. From this result it was
unclear whether Mago nashi was part of the specific signalling pathways activated to polarise
the oocyte, or whether it was merely necessary for correct Par-1 localisation in a more general
manner. A study of mutants in a catalytic subunit of Protein Kinase A also identified defects
in the distribution of maternal RNAs within the oocyte consistent with a failure to establish
polarity. However, the localisation of Par-1 has not been examined in pka mutants, and it is
unclear whether the phenotype derives from the germline or the posterior follicle cells due
to the use of a transheterozygous mutant combination as opposed to germline clone
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induction (Lane and Kalderon, 1994). It is therefore difficult to conclude to what extent PKA
plays a role in polarity establishment as opposed to its maintenance.
One cellular component known to be required for the posterior enrichment of Par-1 is the
actin cytoskeleton, as the overnight treatment of flies with the actin-depolymerising
latrunculin D resulted in diffuse Par-1 signal in stage 9 egg chambers (Doerflinger et al., 2006).
This finding bears notable parallels to studies of polarity establishment in C. elegans zygotes
and in mouse 8-cell embryos, where differences in the actomyosin network structure are
necessary for the segregation of polarity proteins (Cheeks et al., 2004; Munro et al., 2004). In
contrast to axis formation in C. elegans, however, the actin cytoskeleton does not exhibit
localised disassembly in the Drosophila oocyte, and thus the role of actin in Par-1 recruitment
must be through other means. Interestingly, unpublished work from the St Johnston lab
performed by Hélène Doerflinger has shown that the type 2 nonmuscle myosin regulatory
light chain, called Spaghetti Squash, is dual-phosphorylated at the posterior of the oocyte.
This phosphorylation has been shown to occur prior to the recruitment of Par-1, and is
unperturbed even in mutants exhibiting defective polarity such as par-1 hypomorphs.
Furthermore, mutation of the phosphorylation sites to alanines to preclude phosphorylation
blocks the posterior localisation of Par-1. Cumulatively, these results suggest that myosin
phosphorylation is not a component of the polarity apparatus itself per se, but lies upstream
of its occurrence, and is necessary for its establishment. The specific causative link between
myosin phosphorylation and Par-1 recruitment is not confirmed, but it is plausibly due to
differences in membrane tension.
A previous forward genetic screen undertaken in the St Johnston lab also identified the F-box
protein Slmb as necessary for Par-1 posterior localisation (Eurico-de-Sá et al., 2014). As a
component of the SCF ubiquitin ligase complex, Slmb acts to bind substrates to be
ubiquitinated, thereby targeting them for proteasomal degradation (Jiang and Struhl, 1998).
The mechanism through which Slmb acts to establish cell polarity has not been fully
characterised, but it is believed to degrade components of the Baz/Par-6/aPKC complex at
the posterior based on the increased protein levels of constituent components of this
complex in mutant egg chambers. This role is supported by the fact that overexpression of
Lgl, which has been shown in neuroblasts to inhibit formation of the aPKC complex (WirtzPeitz et al., 2008), rescues the polarity establishment phenotype of Slmb mutants,
presumably by compensating for a lack of Slmb activity in disruption of posterior aPKC.
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Though Slmb and di-phosphorylated Spaghetti Squash are both required for the posterior
recruitment of Par-1, the order of events for polarity establishment remain unclear. It is
feasible that the clearance of the aPKC complex from the posterior by Slmb provides a cortical
region in which myosin phosphorylation can occur, resulting in a recruitment of Par-1 to the
posterior. It remains equally feasible that myosin phosphorylation in some way results in the
recruitment or localised activation of Slmb at the posterior to clear the cortex for Par-1
localisation. It is also possible that both are required simultaneously as opposed to being
upstream of one another. Additionally, regardless of the temporal dynamics of these two
processes, the putative receptor activated by posterior follicle cell polarising cues remain
unidentified, as do the signalling mechanisms through which these cues are transduced to
result in Slmb activation and myosin phosphorylation.

1.2.3 Oocyte polarity reorients the microtubule cytoskeleton
The establishment of cell polarity results in a wholesale redistribution of the microtubule
network. Prior to stage 7, centrosomes are clustered posteriorly in the oocyte to form a
microtubule-organising centre to orient the network towards the anterior (Theurkauf et al.,
1992). These centrosomal clusters are disassembled and migrate to the anterior following
receipt of the polarising signal. From this point onwards the microtubules exhibit a biased
organisation, with a greater abundance at the anterior and the orientation of plus ends
towards the posterior (Clark et al., 1994; Theurkauf et al., 1992). Interestingly, the
rearrangement of the microtubules in this manner is not reliant on the action of these
centrosomes (Stevens et al., 2007). The asymmetry of these microtubules is instead produced
by the exclusion of the cortical actin-binding protein Shot from the posterior of the oocyte
through the action of Par-1. Apicolaterally-localised Shot then binds the microtubulenucleating protein Patronin to create a biased distribution of non-centrosomal, cortically
anchored MTOCs (Nashchekin et al., 2016). In support of an anterolateral array of
microtubule-nucleating centres, short microtubules were seen growing from the those
cortices in egg chambers recently treated with a microtubule-depolymerising agent (Parton
et al., 2011).
The formation of a biased microtubule cytoskeleton is a crucial step in the establishment of
the anterior-posterior axis. As mentioned at the start of section 1.2, the distinct localisation
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of maternally deposited mRNAs in the Drosophila oocyte is necessary for the segmentation
of the embryo along its axis. It is this mRNA localisation which is determined by the
microtubule asymmetry.

1.2.4 Posterior localisation of oskar mRNA is reliant on polarity establishment
The first posterior determinant to be localised following polarity establishment and
microtubule remodelling is oskar mRNA (Kim-Ha et al., 1991). The osk mRNA particle is
transported to the oocyte from the earliest stages of oogenesis, accumulating there as early
as region 2 of the germarium (Ephrussi et al., 1991). Following a number of localisations
during the early stages, osk mRNA localises to the posterior cortex from stage 9 onwards.
Once posteriorly-localised, this mRNA is translated to produce two isoforms, dependent on
which start codon is utilised (Markussen et al., 1995). Short Oskar is required for the assembly
of a structure called the pole plasm, a phase-separated membraneless organelle which
sequesters a number of components required for embryonic germ cell formation, as well as
the mRNA of the posterior determinant and maternal effect gene nanos (Ephrussi, Anne;
Lehmann, 1992; Kistler et al., 2018; Markussen et al., 1995; Smith et al., 1992; Vanzo and
Ephrussi, 2002). Long Oskar is believed to act through an interaction with endocytic vesicles
to modulate the actin cytoskeleton at the posterior, and also acts to sequester mitochondria
to the posterior for passage to the next generation (Hurd et al., 2016; Tanaka and Nakamura,
2008). It is the translation of nanos mRNA following fertilisation that produces the initial
posterior determinant during segmentation, and thus the posterior localisation of oskar
mRNA is vital for embryonic development (Wang and Lehmann, 1991).
The oskar mRNA particle is assembled in the nurse cells, gaining the requisite proteins to
enable its association with the microtubule network in both the nurse cells and the oocyte.
Transport through the nurse cells is known to be mediated by the minus end-directed motor
Dynein, as the disruption of Dynein-associated factors such as Bicaudal-D and Egalitarian
perturb oskar mRNA oocyte accumulation (Clark et al., 2007; Mach and Lehmann, 1997; Suter
and Steward, 1991). The association of these Dynein-interacting proteins with osk mRNA is
believed to be mediated by a stem-loop structure in its 3’ UTR, which is both necessary and
sufficient for transport into the oocyte (Jambor et al., 2014). Following oocyte entry, the
splicing of the first intron of osk enables complementary sequences in the first and second
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exons to form a stem-loop structure, which is responsible for a switch in motor protein
association to the plus end-directed motor Kinesin (Brendza et al., 2000; Hachet and Ephrussi,
2004; Simon et al., 2015). This switch probably occurs due to the recruitment of the exonjunction complex (EJC) to the site of splicing (Ghosh et al., 2012; Hir et al., 2001). Multiple
components of the EJC are known to be required for the posterior localisation of osk RNA,
including Mago nashi (Newmark and Boswell, 1994), Tsunagi (Hachet and Ephrussi, 2001;
Mohr et al., 2001), and Barentz, which is mutually dependent on the function of Mago nashi
for recruitment to the osk mRNA particle (Van Eeden et al., 2001). The exon-junction complex
is therefore vital for the correct localisation of osk mRNA, though the mechanism underlying
its function in transport remains unclear. Numerous other proteins which are not EJC factors
are also known to be associated with osk during oogenesis. These include the RNA-binding
protein Staufen, mutants of which exhibit an anterior accumulation of osk suggestive of a lack
of microtubule interaction as well as defects in osk translation (Micklem et al., 2000; St
Johnston et al., 1991), and the hnRNP protein Hrp48, which plays allele-dependent roles in
osk mRNA posterior localisation, osk translation, osk particle assembly and oocyte polarity
(Huynh et al., 2004; Yano et al., 2004; Zimyanin et al., 2008).
The osk mRNA particle is therefore reliant on a multitude of factors to localise to the
posterior. However, the primary component required for osk transport is the microtubule
cytoskeleton, without which osk RNA accumulates at the anterior, and without which the
Kinesin motor cannot function (Brendza et al., 2000; Pokrywka and Stephenson, 1995).
Given the reassembly of the microtubules as a downstream consequence of cell polarity, the
shuttling of osk mRNA particles using the plus-end directed motor Kinesin naturally results in
a directional bias of osk mRNA towards the posterior. This has been experimentally verified
by particle tracking to show that, whilst the movement of each particle is random along
different microtubules, a small bias in movement towards the posterior exists which, over
time, is compounded to result in posterior enrichment (Zimyanin et al., 2008). These findings
were supplemented by studies of the distribution of microtubule plus-ends in the oocyte
using fluorescently-labelled EB-1, which showed that the microtubule network was indeed
biased with plus ends enriched towards the oocyte posterior, and that this microtubule bias
was lost in par-1 hypomorphic egg chambers (Parton et al., 2011). Such a result was consistent
with studies of hypomorphic par-1 transheterozygotes, in which oskar mRNA coalesces in the
centre of the oocyte (Shulman et al., 2000). The same is true for mutants in grk or proteins
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which aid in its signalling, in which polarity is never established (Gonzalez-Reyes et al., 1995;
Roth et al., 1995). Interestingly, Par-1 has also been shown to stabilise Osk isoforms through
phosphorylation, providing a secondary mechanism through which polarity aids in the
function of Osk at the posterior (Riechmann et al., 2002).
The importance of the microtubule cytoskeleton in the posterior localisation of osk mRNA has
also been demonstrated in silico. Cytoskeletal modelling undertaken by Khuc Trong et al.
(2015) determined that a cortical gradient of microtubules with respect to the anteriorposterior plane is sufficient to localise osk mRNA particles to the posterior domains under
wild-type conditions. As such a model considered only the cytoskeleton and its orientation,
and was still able to recapitulate in vivo observations, it can be concluded that the
establishment of cell polarity is responsible for a chain of events which can be directly linked
to osk mRNA localisation to the posterior.

1.2.5 Translation of oskar mRNA is spatially regulated
The localisation of mRNA occurs in diverse systems and contexts, where it acts to constrain
the expression of protein to a specific subcellular domain (Besse and Ephrussi, 2008). This
restriction of protein localisation results in an asymmetry of function within the cell. However,
mRNAs that exhibit specific localisations must often be translationally repressed until they
have reached their intended destination, or the translation of that mRNA whilst undergoing
intracellular transport would result in ectopic expression of mislocalised protein.
A pertinent example of an mRNA which requires translational repression is osk.
Overexpressing osk mRNA with the UAS-Gal4 system resulted in a crescent of osk mRNA at
the posterior as expected, with an additional ectopic dot in the centre of the oocyte (Zimyanin
et al., 2007). This dot was shown by stage 8 to contain pole plasm components as well as osk
mRNA-associated components such as Mago nashi. This premature translation of osk mRNA
echoed previous findings from osk 3’UTR overexpression (Filardo and Ephrussi, 2003), and
was shown to result in aberrant organisation of the microtubules due to a feedback
mechanism wherein pole plasm components recruit Par-1 to reinforce cell polarity in later
stages. This oskar mechanism exemplifies the need for the tight coupling of localisation and
translation.
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Under wild type conditions, multiple mechanisms act at different stages of oogenesis to block
osk mRNA translation until its stage 9 posterior localisation. The first mechanism appears to
be reliant on the RNAi machinery, as mutants in RNAi pathway components such as armitage
and maelstrom resulted in the detection of Oskar protein from stages 3 onwards (Cook et al.,
2004). Armitage is known to be required for the assembly of the RISC complex, perhaps
indicating this specific protein complex is required for osk translational attenuation at early
stages, though this has not been confirmed (Tomari et al., 2004). Several of these components
are known components of the nuage, a non-membranous granular structure rich in RNAbinding proteins present in the nurse cell cytoplasm, indicating that this RNAi machinery is
not part of the osk mRNA complex per se and does not appear to colocalise with osk in the
oocyte (Findley et al., 2003).
A second mechanism, which has been the subject of greater analysis, relies on the direct
binding of proteins to the oskar mRNA complex, and is responsible for translational repression
from stage onwards for osk mRNA which is not yet posteriorly localised. The first such
identified protein was Bruno, an RNA-binding protein which interacted with specific
sequences in the 3’UTR of osk to repress translation (Kim-Ha et al., 1995). Though a
discrepancy arose with regards to the importance of mRNA poly(A) tail length in the
regulation of translational repression in this context, parallel in vitro translation models both
confirmed a role for Bruno in blocking the translation of osk mRNA (Castagnetti et al., 2000;
Lie and Macdonald, 1999). Further components of the osk mRNA complex that are required
for its translational regulation were later isolated, including the RNA-binding helicase Me31B
(Nakamura et al., 2001). The identification of these components enabled more rigorous
biochemical analyses of the osk mRNA complex to be undertaken, leading to the finding that
the eIF4E-binding protein Cup is present in this complex as well (Nakamura et al., 2004;
Wilhelm et al., 2003). eIF4E-binding proteins often act as translational repressors by blocking
the assembly of ribosomal subunits at the 5’ end of the mRNA (Gingras et al., 1999). This lead
to the formation of a hypothesis that Cup was recruited to the osk mRNA complex through
interaction with Bruno, thereby repressing translation until such a time that a further
mechanism constrained to the posterior could ablate the function of Cup.
Evidence for such a model includes observations that the recruitment of the 43S ribosomal
subunit to osk mRNA is inhibited by Cup (Chekulaeva et al., 2006) and that Bruno directly
binds Cup in vivo (Kim et al., 2015). The former study also found that Bruno can also repress
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osk mRNA translation independently of Cup by forming oligomeric RNP particles which
stoichiometrically block the recruitment of the 43S subunit, indicating a measure of functional
robustness may lie in the control of osk mRNA translation. The repressive capability of Bruno
in this context appears to be lessened in cup mutants as assayed using a luciferase reporter,
indicating an additive effect of Cup-dependent and independent mechanisms on oskar mRNA
translation repression. Although these studies identify potential routes employed to inhibit
the precocious translation of osk mRNA, the mechanism through which repression is locally
relieved at the posterior has yet to be identified. It is plausible that a local degradation of
Bruno or Cup by a posteriorly-activated or localised factor could disassemble the oligomeric
complexes and release binding of eIF4E to allow translation initiation. It is also plausible that
the post-translational modification of either or both of these proteins could inhibit their
function. It has previously been shown that mutants of a regulatory subunit of PKA exhibit
ectopic translation of osk due to an enhanced catalytic activity of PKA, suggesting that PKA
may function in the phosphorylation-dependent relief of repression (Yoshida et al., 2004).
However, creating phosphorylation-null alleles of Bruno at putative PKA phosphorylation
sites did not produce any noticeable changes in the levels of osk repression (Kim et al., 2015).
It remains possible that other kinases could act to locally modulate repression, or that
multiple different pathways jointly act to regulate translation.

1.2.6 Transport and anchorage of bicoid mRNA is reliant on the microtubule network
In contrast to the multitude of studies which have identified oskar mRNA complex
components, and built a fuller picture of the mechanisms through which oskar mRNA is
transported and posteriorly localised during oogenesis, the regulation of bicoid mRNA
transport is poorly understood. Bicoid protein acts as the anterior determinant in the
Drosophila embryo, with its anterior-to-posterior concentration gradient generated from an
initial anterior cortical localisation of bcd mRNA in the oocyte during oogenesis (Driever and
Nüsslein-Volhard, 1988). This anterior localisation is reliant on the microtubule cytoskeleton,
as was first demonstrated through the use of depolymerising drugs (Pokrywka and
Stephenson, 1991). Its shuttling from the nurse cells, where it is synthesised, to the oocyte
occurs through much the same mechanism as osk mRNA (Clark et al., 2007). However, unlike
osk mRNA which switches motor proteins once located in the oocyte, bcd mRNA retains the
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use of Dynein. The overexpression of Dynamitin, which is known to perturb the function of
Dynein (Echeverri et al., 1996), has been shown to induce spreading of bcd posteriorwards in
the oocyte (Duncan and Warrior, 2002; Januschke et al., 2002).
Additional evidence that bcd mRNA anterior localisation requires minus end-directed
transport comes from studies of mutants in which the anterior microtubules are disrupted,
such as mutants in g-TURC complex components (Vogt et al., 2006). However, the reliance on
the microtubule anterior-posterior gradient for bcd mRNA localisation is less clear. In grk
mutants, where the microtubules remain symmetrical, bcd is present at both the anterior and
posterior of the oocyte (Gonzàlez-Reyes et al., 1995). However, studies of par-1 hypomorphic
transheterozygotes have proven inconsistent, with bcd mRNA either localising in a wild type
manner (Shulman et al., 2000) or spreading laterally in addition to its anterior localisation
(Riechmann and Ephrussi, 2004). Though it is unclear why such a discrepancy in the role of
Par-1 protein has been observed, the observation that mutants in Shot – where polarity is
perturbed – were still able to localise bcd mRNA anteriorly seems to suggest that an inherent
bias in the microtubule cytoskeleton is not required for bcd localisation (Trovisco et al., 2016).
These results are also consistent with previous observations that any bias in microtubules is
less pronounced at the anterior (Parton et al., 2011; Khuc Trong et al., 2015). Given that grk
transheterozygous egg chambers still localise bcd anteriorly and not laterally, it is possible
that the ectopic posterior localisation seen in these mutants is instead a result of a failure of
clearance as opposed to defective transport along the microtubules.
Further complicating matters, the association of bcd mRNA with Dynein is not sufficient to
ensure its anterior localisation. Injection of naïve, fluorescent bcd mRNA into wild type
oocytes results in its localisation to both the anterior and lateral cortex, whereas injection of
this transcript into nurse cells prior to its injection into the oocyte produced a wild-type
localisation (Cha et al., 2001). Thus, other factors are required for bcd mRNA to localise to
only the anterior as opposed to sites of microtubule nucleation. A number of these factors
have been identified, many of which only associate with the RNA at specific stages of
oogenesis, reflective of the complex, multi-step localisation process bcd mRNA is known to
undergo (St Johnston et al., 1989).
A dimer of the catalytically inactive pseudonuclease Exuperantia is required from the first
stage onwards, when bcd mRNA forms a ring around the anterior cortex in stages 6-9
(Lazzaretti et al., 2016; St Johnston et al., 1989). During stage 10b, at the onset of nurse cell
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dumping of additional transcripts into the oocyte, bcd mRNA diffuses across the anterior
cortex to adopt a disc-like location, reliant on the action of the g-TURC microtubule organising
centre the supplementation of the bcd mRNA particle with the extra components Swallow,
Staufen, and the binding of an endosomal sorting complex (Ferrandon et al., 1994; Irion and
St Johnston, 2007; St Johnston et al., 1989).
Observations of the movement of bcd mRNA particles have also revealed that localisation
mechanisms seem to differ between stages. Using particle tracking of fluorescently tagged
bcd RNA, Trovisco et al. (2016) demonstrated that bcd mRNA did not possess any directional
bias in its movement along microtubules at stage 9. Such a result was in contrast to studies
of osk mRNA (Zimyanin et al., 2008). Further analysis revealed that bcd mRNA particle motility
was significantly decreased at the anterior, lending credence to the concept of a cortical
anchor which acts to sequester bcd mRNA in the correct location after its random walk. The
nature of this putative anchor is unclear, as is the mechanism through which it could be
temporarily inhibited to allow for the reorganisation of bcd mRNA into a disc-like structure.
During this stage, bcd mRNA particles appear to be actively transported to the anterior in a
mechanism reliant on Staufen, in contrast to their earlier unabiased migration, most likely to
counteract the diffusion which would otherwise occur without the action of a cortical anchor
(Weil et al., 2006). At the end of oogenesis bcd mRNA is again anchored at the anterior,
though investigations of this anchor differ in their conclusions. Weil et al. (2012) showed a
colocalisation of late-stage bcd mRNA with P-granules, with this colocalisation being lost at
the onset of embryogenesis concordant with the relief of translation repression. However,
super-resolution imaging from Trovisco et al. (2016) did not rule out an association of bcd
RNP particles with P-bodies but showed that putative aggregates at the late-stage anterior
were instead comprised of multiple smaller particles of consistent size, arguing against an
association with typical phase-separated granules which often differ in size. These particles,
any interaction they may have with P-bodies, and their constituent components merit further
research.
1.3 The dorsal-ventral axis is formed through a second germline Gurken signal
Dorsoventral patterning is a better-characterised process than its perpendicular counterpart,
with many of the requisite pathway components identified in the initial screens for embryonic
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axis formation. The grk gene was first identified due to the ventralised nature of maternal
mutant embryos (Schupbach, 1987), suggesting that Gurken signalling played an essential
role in the developing egg chamber. As previously mentioned, grk mRNA is closely associated
with the oocyte nucleus during oogenesis. In wild type conditions the nucleus is posteriorly
localised during the early stages. At approximately stage 7 the nucleus migrates to the
anterior of the egg chamber. As mentioned previously, grk mRNA is closely associated with
the nucleus, with its cognate protein secreted towards nearby follicle cells. Just as this process
is responsible for the differentiation of posterior follicle cells from the oocyte-adjacent
terminal cells at stage 6, by stage 8-9 the now-anterior nuclear-associated grk mRNA is
translated and its protein secreted to the overlying follicle cells. These follicle cells, which are
main body follicle cells as opposed to terminal follicle cells, adopt a dorsal cell fate as a result
of Grk binding to Top and the activation of a Ras/Raf/MAPK cascade (Brand and Perrimon,
1994; Neuman-Silberberg and Schüpbach, 1993; Wasserman and Freeman, 1998). This new
subpopulation of follicle cells repress the expression of the sulphotransferase Pipe, which is
otherwise expressed in ventral follicle cells (Sen et al., 1998). In ventral follicle cells, Pipe
conjugates sulphate groups to an unknown proteins secreted to the developing perivitelline
space at the late stages of oogenesis. In concert with the protease Nudel (Stein et al., 1991),
this sulphated factor acts to trigger a protease cascade in the ventral extracellular regions
which culminates in the cleavage of the Toll ligand Spätzle (Morisato and Anderson, 1994;
Schneider et al., 1994). This cleaved form is able to bind the Toll receptor to activate this
signalling pathway locally, creating the embryonic axis.
Whilst it is the sending of the second Gurken signal that is the direct step required to establish
a dorsal follicle cell population, this cannot occur without the prior migration of the nucleus
from its posterior position. A phenotype of grk mutant egg chambers is a failure of the nucleus
to migrate, indicating that the formation of the posterior follicle cells is required to trigger
nuclear release through the sending of an as-yet unidentified signal. Subsequent observations
that mutants in a number of microtubule motor proteins and associated components were
unable to maintain the anterior localisation of the nucleus led to a hypothesis that the
reorganisation of the microtubule cytoskeleton allowed for the pulling of the nucleus via
dynein (Duncan and Warrior, 2002; Swan and Suter, 1996; Swan et al., 1999). In this model,
the signal sent from the posterior follicle cells to establish A-P polarity would also establish
D-V by proxy.
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However, recent work by Zhao et al. (2012) showed that the oocyte nuclear membrane is
deformed as a result of a pushing force exerted by microtubules. Thus, a more likely
hypothesis is that the nucleus is tethered at the posterior in some manner, and that posterior
follicle cell signalling acts to break the tether and release the nucleus such that these growing
microtubules can effect nuclear migration. This model separates anterior-posterior and
dorsal-ventral axis establishment from one another by removing the necessity for a biased
microtubule network for nuclear positioning. Interestingly, a more recent study not only
confirmed that microtubule pushing was required for nuclear migration, but that this
migration can occur along one of three distinct routes in the oocyte depending on the extent
to which the nucleus remains cortically associated. Though the underlying molecular
mechanisms remain undetermined, the knockdown of certain nuclear membrane-associated
factors such as Mud also altered the proportion of nuclei travelling on each route (Tissot et
al., 2017). This raises the intriguing possibility that multiple pathways are at play in the egg
chamber, each of which is independently capable of relocalising the oocyte nucleus through
a different mechanism, providing a measure of robustness to the system. If these pathways
are genuinely molecularly distinct, it also raises the question of whether posterior follicle cells
send one discrete signal which acts on multiple pathways, or whether they are capable of
sending multiple signals to trigger each route simultaneously.

1.4 Parallels in axis formation and symmetry breaking between species
The anterior-posterior axis is evolutionarily ancient, conferring unidirectionality onto animals.
All bilaterians – a clade comprising the vast majority of all animal species – possess both
anterior-posterior and dorsal-ventral body axes and, by proxy, intrinsic left-right asymmetry
(Genikhovich and Technau, 2017). A study of the more primordial cnidarian genus
Nematostella, which possess only radial symmetry, identified Hox genes along this radial oralaboral axis which appear to be homologous in function to Hox genes present at the bilateral
anterior and posterior domains (Dubuc et al., 2018). Thus, the principles underlying the
formation of the anterior-posterior axis, and the interpolation of this initial asymmetry into
increasingly smaller segments and domains to form a patterned organism, were crucial in the
evolution of complex animal life. However, though the possession of these axes is well-
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conserved, the mechanisms through which they are established have diversified between
organisms.
Perhaps the best-studied example of both anterior-posterior axis establishment and
symmetry breaking during development is the C. elegans one-cell zygote. In contrast to
Drosophila, the C. elegans oocyte remains symmetric until the point of fertilisation (Goldstein
and Hird, 1996). Within one hour of fertilisation, the actin network is disassembled at the
presumptive posterior of the zygote, resulting in an enrichment of actin filaments in the
anterior hemisphere (Strome, 1986). This enrichment is induced as a result of localised
network collapse at the point of sperm entry, creating a gradient of cortical tension and a
flow of cortical actin towards the anterior (Mayer et al., 2010; Munro et al., 2004). The
components carried by this flow include nonmuscle myosin II, in addition to canonical polarity
proteins.
The modulation of the actin cytoskeleton in response to fertilisation is a multifaceted process
reliant on numerous actin-regulating proteins, a prominent family of which are the Rho
GTPase effectors. An early consequence of sperm entry is the local exclusion of the Rho1 GEF
ECT-2 from the posterior cortex, which in turn results in Rho1 posterior exclusion (Motegi and
Sugimoto, 2006). Rho1 signalling is known to regulate the actin cytoskeleton, and thus its
differential activity provides an important functional link between sperm entry and localised
disassembly. Concomitantly, depletion of the Rho1 GAPs RGA-3 and RGA-4 also alters the
relative sizes of the cortical polarity domains - due to their inability to activate Rho1 at the
anterior - though not their establishment (Schmutz et al., 2007; Schonegg et al., 2007),
presumably reflective of the numerous other regulators which would still be able to function
normally to induce cortical flows in Rho1-defective embryos.
The flow of polarity proteins to the anterior results in an anterior localisation of the PAR3/PAR-6/PKC-3 complex, the ortholog of the Baz/Par-6/aPKC complex in Drosophila, whilst
the PAR-2 complex maintains an association with the posterior cortex, resulting in a mutually
exclusive distribution of two major polarity complexes (Cowan and Hyman, 2007). The
formation of these distinct domains is aided by the action of CDC-42, which is anteriorly
localised and enhances the activity of aPKC, and is therefore crucial for polarity establishment
(Dickinson et al., 2017; Rodriguez et al., 2017). Additionally, a mutual antagonism of these
two complexes ensures their domains are maintained, occurring through phosphorylation of
the PAR-3 complex by PAR-2 and vice versa (Hao et al., 2006).
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Whilst the mechanisms through which the anterior-posterior axis is established following
receipt of a symmetry-breaking signal have been well-investigated in recent decades, it is only
very recently that the nature of that first cue has been identified. By utilising mutant worms
in which the site of sperm entry was sometimes altered, Goldstein and Hird (1996) were able
to show that the point of entry developed into the eventual posterior cortex of the zygote.
This provided the first demonstration that sperm supplied the cue for localised actin
disassembly. Later studies would confirm that a sperm-donated centrosome was responsible
for the initiation of polarity in a manner independent of any role as a microtubule organising
centre (Cowan and Hyman, 2004). The finding that centrosomes were capable of inducing
cortical polarisation at a distance suggested that symmetry breaking occurred as a result of a
diffusible signal derived from the centrosome (Bienkowska and Cowan, 2012). This cue was
identified as the mitotic, centrosome-associated kinase Aurora A by Zhao et al. (2019), which
functioned through the inhibition of Rho1 activity to remodel the actin cytoskeleton. Such a
role for Aurora A in the inhibition of the actin cytoskeleton was in accordance with previouslyidentified functions for this kinase during cytokinesis (Mangal et al., 2018).
Altogether, these studies of anteroposterior axis formation in C. elegans identify a common
mechanistic link in the provenance of symmetry breaking, which is the establishment of cell
polarity. However, it should be noted that, in contrast with anterior-posterior axis
establishment in Drosophila, the process of this establishment appears to be effectively
reversed. In the nematode, a local reduction in the actin cytoskeleton results in the
establishment of a domain defined by aPKC, whereas in the fly, a local increase in actomyosin
activity results in the establishment of a domain defined by Par-1. However, without further
knowledge of the specific cue for symmetry breaking in Drosophila, the extent of these
discrepancies cannot be established.
The findings of these investigations of anteroposterior axis formation in D. melanogaster and
C. elegans -namely the establishment of cell polarity - differ from what has been observed in
higher organisms. Studies of the mouse embryo have shown that the anterior-posterior body
axis first forms between days E5 and E6.25, where En refers to the number of days since
mating (Beddington and Robertson, 1999). This occurs as a result of signalling from the
Anterior Visceral Endoderm, a group of cells that pattern the epiblast by antagonising
signalling pathways in their vicinity and consequently restricting the cell fate of neighbouring
tissues to produce the head structures (Ding et al., 1998; Norris et al., 2002). This A-P axis is
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not formed de novo per se, instead building upon existing asymmetries in the developing
embryo. The AVE cells which migrate to form the anterior pole of the embryo are known at
earlier stages as Distal Visceral Endoderm cells, defined as such due to their presence at the
distal tip of the egg cylinder – the point furthest from implantation into the uterine wall
(Stower and Srinivas, 2014).
These studies point to the fact that the establishment of the A-P body axis, and the formation
of embryonic or developmental asymmetries, are not one and the same. The first point of
symmetry breaking in the mouse embryo occurs during the 8-cell stage, roughly between E22.5, when each cell adopts an apical-basal polarity through the enrichment of Par3, Par6 and
aPKC at membranes free of cell-cell contact (Plusa et al., 2005; Vinot et al., 2005). The
recruitment of the Par complex to the apical domain of the cell is preceded by the
phosphorylation of the regulatory light chain of myosin, and the action of phospholipase C
(Zhu et al., 2017). This establishment of polarity results in the asymmetric localisation of Cdx2
mRNA to the apical domain in a manner which, though not fully characterised, relies on the
actomyosin or microtubule cytoskeletons and the action of dynein (Skamagki et al., 2013). As
Cdx2 protein is required for the specification of the trophectoderm, the division of these cells
results in asymmetric distribution of cell fate modulators in daughter cells, allowing for
trajectories of cell fate to be determined from this point onwards (Jedrusik et al., 2008).
Thus, though the formation of the body axes may rely on differing mechanisms dependent on
the organism studied, the methods through which symmetry is first broken draw from a
remarkably well-conserved set of options. These include the establishment of canonical
polarity, the localisation of mRNAs to create downstream functional changes in specific
locations, or the positioning of organelles such as the nucleus or nuclear-associated
components.
However, a major difference exists between the systems reliant upon polarity establishment,
which is the nature of the cue to induce polarisation in the first instance. The recent
identification of paternally-deposited Aurora-A kinase as the cue for polarity establishment
in the C. elegans one-cell zygote confirmed that sperm was the requisite signal for local
actomyosin network inhibition (Zhao et al., 2019), ensuring a coupling between fertilisation
and axis specification. This has so-far proven to be an outlier as opposed to a general rule. In
Xenopus oocytes aPKC loses its uniformity prior to sperm entry, suggesting that the initial
signal comes from an as-yet unknown source prior to fertilisation. Symmetry breaking in mice
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occurs days after contact with sperm, ruling out any immediate role that sperm could play in
establishing the observed apical-basal polarity. Unlike Xenopus, which has a surrounding
follicle epithelium, and the reliance of C. elegans zygotes on sperm, the mouse 8-cell embryo
has no extraembryonic somatic material to provide an external cue or signal. It seems unlikely
that Par complex recruitment is purely stochastic, given the apical-basal polarity is always
oriented relative to the point of contact with other cells in the cluster, and therefore seems
more likely that a mechanical or adhesive cue is required for the initiation of localised
enrichment. In Drosophila it is also true that axis establishment occurs prior to fertilisation, in
the early stages of oogenesis, and therefore cannot be reliant upon any paternally-derived
signal. It is instead the posterior follicle cells which provide the signal, and which merit further
investigation.

1.5 The role of posterior follicle cells in Drosophila axis formation remains poorlycharacterised
As the cells responsible for the establishment of oocyte cell polarity and nuclear migration –
and therefore both the anterior-posterior and dorsal-ventral axes – posterior follicle cells are
a vital somatic population in the egg chamber. Despite their crucial roles in development, and
in contrast to the well-characterised roles of dorsal and ventral follicle cells, the function of
posterior follicle cells in the context of soma-germline communication remains unclear. The
few genes which have been identified can be separated into two distinct classes depending
on whether their mutant phenotype is derived due to defects in their differentiation or the
sending of signals themselves.

1.5.1 Genes required for posterior follicle cell specification
These cells are one of the final subpopulations of follicle cells to be established, occurring at
stage 6, and thus their provenance lies in the sequential patterning of the epithelium laid out
in section 1.2.1. In short, a layer of terminal follicle cells are established in response to the
Unpaired ligand secreted by polar cells. After the Notch-mediated mitotic-to-endocycle
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switch, these cells become competent to receive the Gurken signal released from the oocyte,
resulting in the activation of EGFR signalling and their specification.
Independent of this sequential cell fate establishment, posterior follicle cells also require the
activity of the Hippo signalling pathway. The Hippo pathway has been well-established as a
pathway for the control of cell differentiation and growth control (Harvey and Tapon, 2007),
and was examined for potential roles in Drosophila oogenesis shortly after its discovery. These
studies showed that mutant clones for Hippo pathway components induced at the posterior
of the egg chamber resulted in multilayering and overproliferation of the epithelium
(Polesello and Tapon, 2007; Yu et al., 2008), with the same defects also occurring in anterior
follicle cell clones (Meignin et al., 2007). These cells were shown to be incorrectly specified,
with analysis of signalling markers finding defects in Notch signalling, resulting in a failure to
switch to endoreplication. Hippo is therefore vital for the potentiation of Notch in the
terminal follicle cell population. This proves that the terminal cells are specified before Notch
signalling, as these cells require a terminal fate to require Hippo for normal Notch signalling.
Concomitant lack of oocyte polarity, as assayed using maternal mRNA localisation, and
nuclear migration were also observed, showing that this inability to correctly specify posterior
follicle cells resulted in the expected inability to signal to the oocyte. As would be expected,
subsequent clonal analyses of the more recently discovered Hippo pathway regulator Kibra
has also recapitulated the same phenotype, further underscoring the importance of this
pathway in follicular patterning (Genevet et al., 2010).
Many of the genes known to be required for posterior follicle cell function act not on the
transduction of the soma-to-germline signals, but instead indirectly perturb these signals
through the blockage of differentiation. Of the genes known to be essential for posterior
follicle cell fate establishment, the majority have either been shown to, or most likely,
function through the regulation of the Hippo pathway.
One such example is the FERM domain-containing protein Merlin, which acts as a
cytoskeleton-membrane linker (Fiévet et al., 2007). The use of a temperature sensitive
mutant at restrictive temperatures identified Merlin as a regulator of proliferation in
posterior follicle cells, as mutant egg chambers exhibited posterior epithelial hyperplasia, in
addition to an unbiased microtubule cytoskeleton, osk and bcd mRNA mislocalisation, and
nuclear retention at the posterior (MacDougall et al., 2001). However, mutant cells still
expressed the posterior follicle cell marker 998/12-lacZ, and thus appeared to be correctly
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specified. Based on previous observations by McCartney and Fehon (1996) that Merlin
localised apically in follicle cells, the authors proposed that Merlin was required to orient the
signalling apparatus in posterior follicle cells towards the oocyte.
Merlin was later identified as a key regulator of Hippo signalling, raising the question of
whether the overproliferation phenotype and axis formation defects could, in fact, be due to
misregulation of this pathway in mer mutants (Hamaratoglu et al., 2006). Were this to be the
case, it was possible that the temperature sensitive mutant perturbed Hippo signalling
sufficiently to block specification and modulate the mitotic-to-endocycle switch, but that a
baseline level of Merlin activity still allowed for a form of specification to occur to induce the
marker examined. In support of the Merlin phenotype being reconsidered as a result of
defective Hippo, Polosello and Tapon (2007) showed that merlin mutant clones displayed
hallmarks of defective Hippo signalling such as Cut overexpression. Furthermore, a bypassing
of the role of Hippo in Notch activation by making merlin, cut double mutants showed that
Merlin was not required for signalling to the oocyte in mature posterior follicle cells.
Further supporting evidence for a Hippo-related function of Merlin in PFCs comes from a
clonal analysis of PI4KIIIα, in which a mutant posterior results in nuclear retention, oocyte
polarity defects, epithelial overproliferation and defects in Notch and Hippo signalling (Yan et
al., 2011). The cause of this phenotype was shown to likely be a loss of Merlin localisation at
the apical domain, blocking normal Hippo function. Thus, though Merlin was initially believed
to be required for signalling to the germline, it seems instead that its function is one of
specification.
Another factor required for the differentiation of posterior follicle cells is the polarity protein
Lgl. Mutant clones at the posterior produced defects in both the anterior-posterior and
dorsal-ventral axes, as well as multilayering of the epithelium (Li et al., 2008). The nuclei of
these mutant cells were significantly smaller than their wild type counterparts, indicating a
likely failure to activate the mitotic-to-endocycle switch in response to Notch signalling
(López-schier and Johnston, 2001), and clones did not stain for the 998/12 lacZ line used as a
measure of mature posterior cell fate. These findings pointed to a defect in either Notch or
Hippo signalling in lgl mutants. Though Hippo pathway activity has not been examined in lgl
clones, Lgl has been shown to regulate Hippo signalling in the wing disc epithelium (Grzeschik
et al., 2010), and thus it is possible that a similar mechanism is at play in follicle cells. However,
a subsequent study examining Discs Large and Scribble, both of which exist in a complex with
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Lgl at the lateral cortex of epithelial cells (Bilder et al., 2000), showed that mutant cells for
both of these factors were defective in the activation of EGFR, JAK/STAT and Notch signalling
(Li et al., 2009). This would suggest that mutant follicle cells would be unable to establish
terminal cell fate, potentially indicating that the role of the lateral complex in establishing the
posterior follicle cell population does not lie solely in a putative regulation of Hippo signalling.
The role of the spectrin cytoskeletal components in posterior follicle cells has proven
controversial. Spectrins are an evolutionarily well-conserved family of proteins associated
with the actin cytoskeleton. Two constituent proteins, α-spectrin and β-spectrin, form
heterotetramers at the cell periphery which play diverse roles in cytoskeletal regulation
(Liem, 2016) and cell signalling (Machnicka et al., 2014). The first study to investigate a
potential role for the spectrin network in posterior follicle cells was Lee et al. (1997), who
showed that when these cells lacked α-spectrin they exhibited a multi-layered phenotype
potentially associated with continuing mitotic cycles, and further showed a perturbation of
oskar mRNA localisation to the posterior in these clones. This study did not directly examine
the differentiation state of mutant posterior follicle cells, leaving open the possibility that
these cells were multi-layered yet still fully differentiated, but pointed to an important role
for spectrins in axis formation.
Following the later discovery of Hippo signalling, β-spectrin was also found to be a regulator
of Hippo signalling in posterior follicle cells, resulting in a defect in posterior follicle cell
differentiation when these cells were homozygous mutants (Wong et al., 2015). Given Hippo
signalling defects resulted in overproliferation of the posterior epithelium (Polesello and
Tapon, 2007), the implication of β-spectrin in concert with the similarity of its phenotype with
that of Lee et al. (1997) lent credence to a role for α-spectrin in their differentiation.
Consistent with this hypothesis, RNAi-induced knockdown of α-spectrin enhanced the mild
Hippo signalling phenotype mutants of the Hippo upstream regulator expanded in posterior
follicle cells (Deng et al., 2015), and mutant α-spectrin clones recapitulated this phenotype
(Fletcher et al., 2015). Cumulatively, these data supported the case for a re-classification of
the α-spectrin phenotype as one of defective posterior follicle cell maturation. However, a
subsequent paper showed that, whilst clones with null alleles of both α- and β-spectrin did
exhibit multilayering at the posterior, as well as Hippo signalling defects from cells lacking
contact with the germline, cells which were oocyte-adjacent appeared to be correctly
differentiated and capable of signalling to establish oocyte polarity (Ng et al., 2016). The
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discrepancies between this paper and other studies of the spectrin network are important as
they determine whether the spectrins are worthy candidates for further study. It is possible
that these differences are the result of different alleles. Wong et al. (2015) used a putative
null mutant of β-spectrin, whilst Ng et al. (2016) used the g113 allele identified as a strong
hypomorph by the authors who first characterised it (Hülsmeier et al., 2007). Meanwhile, the
system of α-spectrin clone induction in Lee et al. (1997) relied upon the use of
transheterozygosity with a deficiency line, potentially introducing enhancing mutations into
the genotype and influencing the observed axis formation phenotype.
One gene which affects posterior follicle cell specification outside of putative Hippo pathway
modulation is the myosin phosphatase Flapwing. A regulator of myosin activity, posterior
follicle cell clones are multilayered and are unable to transduce axis forming signals to the
oocyte (Sun et al., 2011a). An analysis of signalling pathway activities in these mutant clones
showed that Hippo remained active, but that the Notch pathway was nonetheless perturbed.

1.5.2 Genes required for signalling to the germline
Whilst flapwing mutants appear to be necessary for Notch signalling to occur successfully at
the posterior, expression of the intracellular domain of Notch in mutant clones to rescue the
signalling phenotype still resulted in a defect in Staufen localisation even though these cells
were now correctly specified (Sun et al., 2011). Flapwing therefore appears to play a
pleiotropic role in these cells, acting both to aid in their differentiation and in signalling. As
Flapwing is a myosin phosphatase necessary for attenuating actomyosin activity, flapwing
mutant cells likely have higher levels of myosin activity. How this results in a defect in
polarisation of the oocyte is unclear. It is possible that myosin regulation is necessary to
correctly traffic vesicles for signal secretion or exocytosis, thus perturbing signalling by a
mechanism which is still to some extent indirect. Equally, it is also possible that changes in
cytoskeleton-induced tension in posterior follicle cells is directly responsible for the
establishment of polarity through a mechanotransductive mechanism. It is unclear from the
published work on Flapwing whether it is both axes which fail to form in the Notch-rescued
mutant clones, or whether it is only the anterior-posterior axis. Identifying which of these is
the case may help to narrow potential routes through which myosin phosphorylation
functions in the follicle epithelium.
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After using microarray to attempt to identify differentially-expressed genes in posterior
follicle cells, Wittes and Schüpbach (2019) performed an RNAi screen on a shortlist of
candidates to determine whether any such genes could play roles in axis establishment. This
resulted in the identification of the membrane-bound signalling protein Semaphorin 1B, the
knockdown of which resulted in the mislocalisation of Staufen-GFP and the pole plasm
component Vasa to the centre of the oocyte. However, a subsequent CRISPR allele produced
to validate this candidate was unable to recapitulate the axis formation defect. It remains
unclear from where this discrepancy between RNAi and mutant arose, and it is therefore
difficult to conclude with certainty which of these results represents a more genuine
perturbation of Semaphorin function.
Interestingly, all other genes known to be necessary for axis formation independent of
posterior follicle cell maturation are components of, or interactors with, the extracellular
matrix. The first of these to be discovered was Laminin A, for which large follicle cell clonal
patches at the posterior still bore the hallmarks of posterior follicle cell fate but resulted in
the posterior retention of bicoid mRNA and the mislocalisation of the oskar particle to the
centre of the oocyte, indicative of a failure to establish oocyte polarity (Deng and RuoholaBaker, 2000). An in situ hybridisation analysis of laminin expression levels at early stages of
oogenesis suggested an expression which was constrained to the posterior of the egg
chamber, though a subsequent antibody staining examining both early and late stages
appeared to show that Laminin was present at uniform levels throughout the epithelium
(Poulton and Deng, 2006). This suggests that Laminin may be required for anterior-posterior
axis establishment, but is unlikely to act as the signal itself as a result of posterior-specific
expression. Both of these papers refer to an apical population of Laminin visualised through
antibody staining. However, Frydman and Spradling (2001) were unable to confirm such a
finding, making the specific role for Laminin in posterior follicle cell signalling unclear.
The second ECM-associated factor identified was the receptor tyrosine phosphatase Lar
(Frydman and Spradling, 2001). A receptor tyrosine phosphastase, Drosophila Lar and its
orthologues have multiple identified extracellular matrix ligands including Laminin (O’Grady
et al., 1998) and the heparan sulfate proteoglycans Syndecan (Fox and Zinn, 2005) and Dallylike (Johnson et al., 2006). Mutant clones of a lar null allele in posterior follicle cells resulted
in highly-penetrant defects in Oskar posterior localisation in a cell-autonomous manner,
suggesting a role in axis formation. It should be noted that this study did not examine whether
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mutant cells were correctly specified as posterior follicle cells, leaving open the possibility
that their fate is in some way defective, though the lack of any observed nuclear retention
would seem to suggest otherwise. The authors suggested that Lar could act as a receptor for
Laminin A in this context, linking their findings with those of Deng and Ruohola-Baker (2000),
though such a link has yet to be established.
Receptor tyrosine phosphatases, including Lar itself, can transduce signalling following ligand
binding through both catalytic (Johnson et al., 2006) and non-catalytic (Hofmeyer and
Treisman, 2009) mechanisms, and thus it is unclear whether Lar acts as a phosphatase in the
context of axis formation. It has also not been established what any potential intracellular
impacts of the putative binding of Lar to ECM constituents may be, though such an analysis
could well provide further insight into the nature of soma-germline signalling.
A study of extracellular matrix components undertaken by Poulton and Deng (2006) showed
an intriguing expression pattern for Dystroglycan, which appears to be specifically
downregulated in posterior follicle cells. Using the UAS-Gal4 system to drive its expression in
posterior follicle cells, they were able to show that oskar RNA was mislocalised in the oocyte.
This oskar mislocalisation phenotype was recapitulated in ras mutants, in which the EGFR
pathway is perturbed, and that such mutants also show elevated levels of Dystroglycan,
suggesting that it is the receipt of the Gurken signal as opposed to any previous step in cell
fate determination which suppresses the expression of Dystroglycan. Interestingly, this same
study showed that the ectopic expression of Dystroglycan in posterior follicle cells using the
UAS-Gal4 system resulted in the relocalisation of laminin to the apical extracellular space
contacting the oocyte. This phenotype seems strange when viewed in the context of Deng
and Ruohola-Baker (2000), where it is claimed that an apically-secreted population of Laminin
is present at the posterior in early stages, although it is possible that Laminin relocalisation at
later stages is required for signalling and is reliant on Dystroglycan regulation. It is also unclear
whether such a phenotype is created due to a more general misregulation of polarity and
polarised secretion, or whether this represents a specific misregulation of Laminin alone.
However, if it is indeed the case that this downregulation of Dystroglycan is required to
constrain ECM components to their correct locations in order for the polarising signal to be
sent to the oocyte, this raises the question of how basally-acting proteins such as Lar and
Laminin could act in signalling.
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It remains possible that any putative function of the ECM in axis formation is due to an indirect
impact on signalling, such as due to a mislocalisation of the actual signalling apparatus. It is
equally plausible that broader modulations in the posterior ECM result in, for example, local
mechanical changes which are transduced through follicle cells through some method, to the
apical domain and then to the oocyte. Such a hypothesis is tempting as it could explain why
some mutants have a cell-autonomous effect on the localisation of posterior determinants in
the oocyte (Frydman and Spradling, 2001; Poulton and Deng, 2006) whilst others require
larger clones to impact axis formation (Deng and Ruohola-Baker, 2000), depending on
whether they impact individual cells or the broader tissue context. In support of a role for
ECM remodelling in axis formation, an analysis of genes regulated by JAK/STAT and EGFR
signalling in the egg chamber showed that many of these were localised to the extracellular
matrix (Wittes and Schüpbach, 2019). However, given Dystroglycan remains to-date the only
ECM component with a confirmed oocyte polarity phenotype which is differentially regulated
at the posterior, no firm conclusions can be drawn from the available data. In order to
determine this, more genes impacting the follicle cell-oocyte signal would need to be
identified and characterised.
As elusive as the nature of the signal impacting anterior-posterior axis formation has proven,
the mechanism through which the oocyte nucleus is released from the posterior is almost
entirely uncharacterised. The characterisation of nuclear migration by Zhao et al. (2012)
provided the first indications that anterior-posterior and dorsal-ventral axis establishment
may not be intertwined, and thus it is potentially the case that separate signals are required
for the establishment of each axis. The only published gene to be implicated in nuclear
migration is Laminin A, due to the observation that clones encompassing the entire posterior
follicle cell population could induce nuclear retention. However, given this was only observed
in 4% of such clones examined, and the allele used was a confirmed null, it seems highly
unlikely that Laminin plays any crucial role in this process.
The work of Weronika Fic in the St Johnston lab has shown that posterior follicle cell mutant
clones for the Cdc42 GAP RhoGAP19D are correctly specified yet result in oocyte nuclear
retention, and that this retention appears to occur despite the correct polarisation of the
anterior-posterior axis. Thus, the two processes appear to be separable from one another and
occur in one another’s absence. Intriguingly, analysis of small clones has shown that only a
small number of posterior follicle cells contacting the polar cells are necessary for the
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signalling of nuclear release, indicating a potential subpopulation of posterior follicle cells
with an additional function not performed by others. It is unclear how the regulation of Cdc42
could play a role in this signalling, though it is feasible that constraining Cdc42 activity could
be required to traffic a ligand or receptor, or activate a protein in a specific location such that
its response is not diluted across the entire membrane of the cell. Further analysis of this
mutant phenotype would provide greater insights into the nature through which these follicle
cells induce nuclear release in the neighbouring oocyte.
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Materials and Methods
2.1 Drosophila methods
2.1.1 Fly stock husbandry
Unless otherwise stated, wild-type fly strains used were yw. Drosophila strains were reared
at 25°C on standard corn starch medium supplemented with yeast, and maintained according
to the methods laid out in (Ashburner et al., 2004).

2.1.2 Generation of somatic and germline clones
Clones in somatic cells such as the follicle epithelium were induced with the FLP/FRT system
(Xu and Rubin, 1993), using either nuclear RFP or GFP to mark wild type cells and their absence
to mark mutant cells. Mutant stocks possessing an FRT on the same chromosome arm as the
mutant were crossed to a stock possessing the same FRT in addition to the aforementioned
fluorescent markers, in addition to a flippase driven by the heat shock promoter (hsFLP). The
resulting generation was heat shocked twice a day for two hours at 37°C to induce
recombination between FRT chromosomes. Flies were either heat shocked as L3 larvae or
shortly following eclosion, depending on the desired clone size. Heat shocked flies were then
returned to 25°C for 2-3 days and fattened prior to further study.
Mutant clones were induced in the germline through the use of the FLP/ovoD system (Chou
and Perrimon, 1992). To do so, FRT-containing mutant females were crossed to males with
the same FRT as the mutant, and a dominant female sterile insertion on the same
chromosome arm, in addition to a hsFLP. The resulting L3 larvae from these crosses were heat
shocked for two hours twice a day at 37°C to induce clonal recombination in germline stem
cells. This heat shock regimen was maintained until eclosion, after which flies were fattened
at 25°C for 2-3 days prior to further study.

2.1.3 Embryo injection and transgenics
Flies of the relevant genotype were transferred to a cage with a yeasted apple juice plate, and
their embryos collected after one hour. Embryos were then dechorionated using 50% bleach,
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and injected with the necessary DNA or RNA. All embryo injections were carried out by John
Overton.
For the creation of transgenic flies, the FC31 integration system was utilised (Bischof et al.,
2007), with the requisite cloning vectors containing a miniwhite gene to allow for successful
transgenic flies to be scored by the presence of red eyes. For the creation of most CRISPR
mutants, nos-Cas9 flies (Port et al., 2014) were injected and progeny screened via HRM as
described in detail below.

2.1.4 EMS mutagenesis
w- ;; FRT2A or w hsFLP, GFP-Staufen ;; FRT2A males, depending on which crossing scheme
was followed, were starved in an empty vial at room temperature for 6 hours. Ten sheets of
Whatman paper were cut to fit in the base of an empty fly bottle, and soaked in 25 mM ethyl
methanesulphonate (Sigma) diluted in 1% sucrose solution. Up to 50 males per bottle were
then transferred to these empty fly bottles and kept in the fume hood for up to 20 hours.
Males were then placed on normal food for up to 24 hours to allow for decontamination,
before being crossed to up 50 w- ;; PrDr/TM3 or w hsFLP, GFP-Staufen ;; PrDr/TM3 virgin
females. These bottles were then flipped each day to maximise the number of progeny which
could be collected from each round of mutagenesis, and males removed after 4 days to
minimise the possibility that mutations in spermatogonia continued to produce mutant
sperm cells with the same clusters of SNPs.

2.2 Immunofluorescence
Adult female flies were mated and yeasted overnight, and their ovaries dissected into 1xPBS
supplemented with 0.2% Tween-20 (PBT) using a pair of watchmaker’s forceps. Ovaries were
pooled in a cavity well microscope slide, and ovarioles were separated and, if necessary,
separated from the muscle sheath with tungsten needles. Ovaries were then incubated in PBT
supplemented with 4% paraformaldehyde for 20 minutes, with samples placed on a tube
rotator to ensure efficient fixation. Fixed ovaries were then washed three times in 1ml PBT
for 10 minutes each wash. To block ovaries, 1ml of PBT with 10% BSA was added to tissue and
samples were rotated for 1 hour. Following blocking, ovaries were incubated overnight at 4°C
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with antibodies diluted in PBT supplemented with 1% BSA (PBT1). Ovaries were then washed
four times in PBT1, for 30 minutes each wash, and then incubated for 4 hours in the
appropriate secondary antibody diluted in PBT with 0.1% BSA. Following another three 10
minute washes, ovaries were placed in Vectashield with DAPI (Vector Labs), gently mixed by
flicking, and stored at -20°C until mounted. Rabbit anti-Staufen (this lab) was used at a
concentration of 1:200, and rabbit anti-Oskar (a kind gift from Anne Ephrussi) used at 1:2000.
All AlexaFluor secondary antibodies were used at a concentration of 1:1000.
For Oskar antibody staining, egg chambers were permeabilised post-fixation in 0.4% Triton X100 for 5 minutes. For staining of di-phosphorylated spaghetti squash, all of the steps were
as above with the exception that all solutions requiring PBT were additionally supplemented
with a protein phosphatase inhibitor to ensure that phosphorylation of the protein was not
lost in the process of dissection or fixation. A 50x stock solution of this phosphatase inhibitor
can be made as in Table 2-1. Phosphatase inhibitor composition.
Table 2-1. Phosphatase inhibitor composition.

Reagent

Quantity

Sodium fluoride

0.105g

B glycerophosphate

0.540g

Sodium orthovanadate

0.092g

Sodium pyrophosphate decahydrate

5.579g

EGTA

0.951g

dH2O

to 50ml

2.3 Targeted DamID
The following protocol is closely adapted from the targeted DamID protocol described in
Marshall et al. (2016).

2.3.1 Gal4 activation
Stocks containing either the Dam-PolII construct under a UAS promoter, or a free Dam under
a UAS promoter, were crossed to stocks containing the pertinent Gal4 in addition to a
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temperature-sensitive Gal80 to inhibit precocious expression. These crosses were maintained
at 18°C. Flies of the correct genotype were collected from the next generation, and 2-4 day
old flies were transferred to 29°C for 24 hours to degrade the temperature-sensitive gal80
and induce Dam construct expression under Gal4.

2.3.2 Preparation of ovarian extracts
The ovaries of 20-30 flies were dissected in 1xPBS and transferred to Eppendorf tubes. Excess
PBS was then removed, and tubes placed on dry ice to facilitate fast freezing. Frozen samples
were stored at -80°C until required.

2.3.3 RNA and protein digestion and adaptor ligation
Ovaries were removed from -80°C and washed in 140µl of 1xPBS and 40µl 500mM EDTA. The
digestion of RNA and protein was initiated through the addition of 20µl RNAse A (12.5µg/µl)
and 20µl of QiaAmp DNA Micro Kit Proteinase K (Qiagen), respectively. After addition of
adaptor ligation buffer (2µl 10x T4 DNA ligase buffer, 0.8µl of double-stranded adaptors and
1.2µl H2O), samples were mixed by gentle inversion 50 times and digested at 56°C overnight.
After cooling to room temperature, 200µl of 100% ethanol was added to samples and mixed.

2.3.4 DNA extraction
Sample solution was added to a QiaAmp DNA Micro Kit column, and the column then
centrifuged at 13,200rpm for 1 minute. After discarding flow-through, 500µl of AW1 buffer
was added to the column and centrifuged at 13,200rpm for 1 minute. The flow-through was
again discarded, 500µl of AW2 buffer added, and the column centrifuged at 13,200rpm for 1
minute. The column was then transferred to a new collection tube, centrifuged again for 3
minutes at 13,200rpm to remove any excess buffer and ethanol which could inhibit future
reactions, and transferred to a 1.5ml Eppendorf tube whereupon 50µl AE buffer was added
to the column and incubated for 30 minutes at room temperature. The column was then
centrifuged at 13,200rpm for 1 minute, and 1µl of the purified DNA run on a 0.8% agarose gel
to confirm that genomic DNA has not been sheared as a result of the above processes.
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2.3.5 DNA digestion and adaptor ligation
43.5µl of eluted DNA was transferred to a new microtube, mixed with 5µl CutSmart buffer
and DpnI restriction enzyme (New England Biolabs) to digest DNA at sites of adenine
methylation, and incubated overnight at 37°C.
Digested DNA was then purified using the Qiagen PCR Purification Kit, eluted in 32µl DEPC
H2O, and the concentration measured using a Qubit fluorometer (Thermo Fisher). 15µl of this
eluted DNA was then mixed with 4µl of adaptor ligation buffer and 1µl T4 DNA ligase (New
England Biolabs) and incubated for 2 hours at 16°C and 10 minutes at 65°C. Following ligation,
19µl of DpnII digestion buffer and 1µl DpnII enzyme (New England Biolabs) was added, the
sample digested at 37°C for 2 hours, then heated to 65°C for 20 minutes to inactivate the
enzyme.

2.3.6 Purification
To remove excess buffer components which may inhibit downstream PCR applications, 60 µl
of Sera-Mag beads (GE Life Sciences) were mixed with 40µl sample and incubated at room
temperature for 10 minutes. Following incubation, a magnetic stand was used for 10 minutes
to separate beads, and the supernatant removed. Beads were then washed in 190µl 80%
ethanol for 30 seconds and air dried for 5 minutes. After eluting in 32µl DEPC H2O and
incubating for 2 minutes, the magnetic stand was used to separate beads again, and the
purified DNA in the supernatant transferred to a new microtube.

2.3.7 DamID-PCR
Standard PCR was performed using MyTaq master mix and MyTaQ HS polymerase (Bioline),
using the PCR conditions laid out in Vogel et al. (2007).

2.3.8 Sonication
Samples were PCR purified using a standard kit and eluted in 32µl DEPC H2O and run on a 1%
agarose gel to confirm the efficiency of the PCR reaction. After quantifying the concentration
of purified DNA, samples were diluted to a maximum of 2µg in 90µl DEPC H2O in a 1.5ml
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sonication tube, mixed with 10µl CutSmart buffer, cooled on ice, and sonicated at 4°C for six
cycles of 30 seconds using a Diagenode Bioruptor on high power. Sonication efficiency was
then confirmed using Tapestation (Agilent), and adaptors removed through overnight
digestion with 1µl AlwI enzyme (New England Biolabs).

2.3.9 Library Preparation
70µl of sample was mixed thoroughly with 105µl Sera-Mag beads and incubated for 10
minutes at room temperature. Beads were then separated using a magnetic band, the
supernatant removed, and the beads washed twice with 190µl 80% ethanol. Following air
drying for 5 minutes, samples were eluted in 25µl resuspension buffer (0.1 mM EDTA, 10mM
Tris-HCl, pH 8.0), incubated for 2 minutes at room temperature, placed on the magnetic stand
for 5 minutes, and 22.5µl of supernatant transferred to a clean microtube. Library
concentration was then quantified using a Qubit and diluted to 500ng in 20µl resuspension
buffer.
To prepare samples for 3’ adenylation, DNA fragments were end repaired by addition of 7.5µl
end repair buffer (3µl 10x NEB T4 ligase buffer, 1.2µl 10mM dNTP mix, 3.3µl DEPC H2O) and
2.5µl end repair enzymes (1.14µl NEB T4 DNA polymerase, 0.23 NEB Klenow fragment, 1.14µl
NEB T4 PNK), followed by incubation at 30°C for 30 minutes and heat inactivation at 75°C for
20 minutes. 3’ adenylation was performed through the addition of 0.75µl Klenow 3’-5’ exo(New England Biolabs) and subsequent incubation for 10 minutes at 30°C.
To ligate sequencing adaptors, adaptors from the TruSeq DNA LT Sample Prep Kit (Illumina),
and the pooling guidelines set out in the manual, were used. 2.5µl of adaptors were added to
each sample, followed by the addition of 2.5µl NEB Quick Ligase and incubation for 10
minutes at 30°C and 5µl 0.5M EDTA.
To remove potential sequencing adaptor dimers from samples, two Sera-Mag purifications
were then performed as before, with the exception that the first and second cleaning steps
should use 40µl and 50µl of Sera-Mag beads respectively, and 52.5µl and 22.5µl resuspension
buffer following washes.
Purified and adaptor-ligated DNA fragments were then enriched through the addition of a
PCR primer mixture (50µl DEPC H2O, 25µl of each primer. Primer sequences were as follows:
PCR1 – 5’-AATGATACGGCGACCACCGA*G-3’; PCR2 – 5’-CAAGCAGAAGACGGCATACGA*G-3’;
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where * represents a phosphothioate linkage) and 25µl 2x Q5 Master Mix (New England
Biolabs). A PCR with the following conditions was then run.
Step 1: 98°C for 30 seconds
6 cycles of steps 2-4:
Step 2: 98°C for 10 seconds
Step 3: 60°C for 30 seconds
Step 4: 72°C for 30 seconds
Step 5: 72°C for 5 minutes.
The resulting PCR product was then cleaned using 50µl Sera-Mag beads as above, with
32.5µl resuspension buffer following washes. 30µl of the final supernatant was then placed
in a clean tube, quality and quantity determined using a Tapestation and Qubit, and samples
pooled to a final concentration of 20nM ready for sequencing by Kay Harnish.

2.4 Molecular biology
2.4.1 Preparation of genomic DNA from single flies
Fertile flies were transferred from their vials to 8-strip PCR tubes four days after cross
establishment, and further anaesthetised by placing these tubes on ice. Each fly was then
crushed using a pipette tip containing 50µL of squishing buffer (25mM NaCl, 10mM Tris-HCl
pH 8.2, 1mM EDTA, and 200µg/mL proteinase K). This mixture of fly extract and squishing
buffer was then vortexed briefly, incubated at 37°C for 45 minutes to digest the sample with
proteinase K, and then heat inactivated at 95°C for 5 minutes. Samples were then stored at
either 4°C or -20°C.

2.4.2 Preparation of genomic DNA for next-generation sequencing

48

The protocol for genomic DNA preparation is adapted from the manufacturer’s protocol for
Puregen Corekit A (Qiagen). An Eppendorf tube containing 300µl Cell Lysis Solution was
placed on ice for 20 minutes. In a separate Eppendorf tube, 15 flies of the requisite genotype
were collected and homogenised using a microfuge pestle. This homogenate was then
incubated at 65°C for 15 minutes, following which 6µg of RNAse A was added, the solution
mixed by inversion, and then placed at 37°C for 15 minutes. After cooling to room
temperature, 100µl of Protein Precipitation Solution was added, and the solution vortexed
for 20 seconds prior to placing on ice for 5 minutes. This mixture was then centrifuged at
13,000rpm at 4°C for 5 minutes, and the supernatant transferred to a separate tube. This
supernatant was then centrifuged at 13,000rpm at 4°C for 5 minutes, transferred to a
separate tube, and mixed with 300µl isopropanol. This tube was then centrifuged at
13,000rpm at 4°C for 1 minute, the supernatant discarded, and the resulting pelleted DNA
washed briefly with 500µl 70% ethanol. After removal of the ethanol, the pellet was air dried
for 5 minutes, dissolved in 60µl of deionised water, and kept overnight at room temperature.
The purified DNA was then quantified using a Qubit, adjusted to a final amount of 50ng, and
given to Kay Harnish for sequencing library preparation.

2.4.3 PCR and gel electrophoresis
Standard PCRs were performed using Q5 polymerase (New England Biolabs), following the
manufacturer’s protocol. PCR products to be used in cloning or Sanger sequencing were
purified using the GeneJet PCR Purification Kit (Thermo Fisher). 1-2% (w/v) agarose gels
stained with Midori Green (Nippon Genetics) were used to visualise PCR products. Where
necessary, bands of the correct size were isolated using the GeneJet Gel Extraction Kit
(Thermo Fisher). For RT-PCR to detect the presence of the neomycin-FRT cassette during
recombination of mutants, qPCRBIO SyGreen Mix (PCR Biosystems) was used according to
protocol, and reactions run with a StepOne Plus real-time PCR Machine (Applied Biosystems).
The primers used were AM273 - 5’-GTAGCCGGATCAAGCGTATG-3’ and AM274 - 5’GTTGTCACTGAAGCGGGAAG-3’.
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2.4.4 Cloning
With the exception of gRNA expression constructs, the cloning of which is described later,
most cloning was performed using the HiFi Assembly Kit (New England Biolabs) according to
the manufacturer’s specifications.
For the cloning of the pUASp-K10-attB-GFP-PKC construct, the pUASp-K10-attB vector was
linearised using KpnI and NotI and subsequently treated with antarctic phosphatase (New
England Biolabs) to reduce the possibility of religation or the formation of concatameric
constructs. The primers AP360 and AP364 produced the GFP-PKC fragment from a
mammalian vector first created in the Griffiths lab (Gawden-Bone et al., 2018) with a >25bp
sequence overlap with the backbone.
To create plasmids containing a cup-eGFP minigene with its endogenous promoter and
downstream sequence, the pattB vector was digested with Acc65I and EcoRI. The first insert
fragment was comprised of the 2kb sequence upstream of cup in the Drosophila genome, the
Cup 5’UTR, its first exon and first intron. The second fragment contained the remainder of the
coding region followed by a 3xGlySer linker, and was amplified from cup cDNA for wild type.
For a mutant with six S->E substitutions in predicted Par-1 phosphorylation sites (S523, S524,
S540, S760, S772, S1104), a previously-created mutant plasmid from Artur Fernandes was
used as the template. The third fragment contained the linker as an overlap with fragment 2,
in addition to an eGFP tag, to be amplified from any eGFP-containing plasmid. Fragment 4 is
comprised of the 3’UTR amplified from genomic DNA.
Despite the Sanger sequencing of fragments to ensure they were as expected, using an S->A
mutant cup plasmid created by Artur as a template for the second fragment of a
nonphosphorylatable cup plasmid did not yield the expected constructs. Adjusting the
relative molarities of these fragments in the HiFi assembly mix was also unsuccessful, as was
changing the point of overlap between fragments by using different primers, adding DMSO
to the reaction mix to break down any potential secondary structures created by the altered
sequence, and using primers AP74 and AP77 to fuse the third and fourth constructs together.
To circumvent this issue, a gBlock fragment (Integrated DNA Technologies) was created
containing cup cDNA with the six putative phosphosites substituted to alanine, codon
optimised to limit the possibility of secondary structures as predicted by the OligoAnalyzer
tool on the IDT website. This fragment was then used as a template for AP359 and AP73 to
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create the necessary overlaps for assembly. The four fragments were then HiFi assembled in
a stepwise manner, gel extracted following each assembly, and used as a template for PCR.
This resulted in one insert fragment which was then HiFi assembled with the backbone to
create the final construct.

Table 2-2. A list of primers used during cloning of plasmids.
Primer

Primer sequence

Function

AP360

TGCGTTAGGTCCTGTTCATTGGTACAAACATGGTGAGCAAGGGC

Amplifies GFP-PKC
with vector overlap.

AP364

ATCCAGATCCACTAGTGGCCTATGCTATCTAGATCCGGTGGATCCTCAGCA

AP70

GCTAGCGGATCCGGGAATTGGGCAGGGCAAGCGGGAGG

AP71

ATGGCCGGATCTTGGAACTCCGTTTGCGGC

AP72

CGGAGTTCCAAGATCCGGCCATTGTTAACCAAAGAC

AP73

ACCATGCTACCGGAGCCGGATCCATGAAACTCATCCCCGCTGTTGGGCAG

AP74

GGATCCGGCTCCGGTAGCATGGTGAGCAAGGGCGAGGAGC

AP75

TCTTTTGAAGCCGCTACTTGTACAGCTCGTCCATGCCGAGAGT

AP76

TGTACAAGTAGCGGCTTCAAAAGATTCGCCACA

AP77

CGACACTAGTGGATCTCTAGAGAATTGTTTATGTTTCTAGTCTTTTATTCAA

Creates the first Cup
fragment.
Creates the second
Cup fragment.
Creates the third
Cup fragment.
Creates the fourth
Cup fragment.

ACCATTTG
AP356

GCTAGCGGATCCGGGAAT

AP358

TTCTCGGATCGATTGATAGACATCCCC

Creates the first
Cup-SA fragment
with a different
overlap.

AP359

GGGGATGTCTATCAATCGATCCGAGAA

Creates the second
Cup-SA fragment.
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2.4.5 Transformation of bacteria
For most constructs, ≤1µg of plasmid was add to 50µl of a-Select Chemically Competent Cells
(Bioline), gently mixed, and incubated on ice for 30 minutes. Cells were then heat shocked at
42°C for 30 seconds and placed on ice for 2 minutes. After the addition of 500µl SOB medium,
cells were recovered on a shaker for 1 hour at 37°C at 200rpm, streaked on LB plates
containing the antibiotic corresponding to the plasmid, and placed at 37°C overnight.
For Cup constructs, the same protocol was followed with the exception that plates were
either incubated for 24 hours at 30°C to suppress the expression of toxic products which
inhibited growth at higher temperatures, or were transformed into Able K cells (Agilent). For
Able K transformations the manufacturer’s protocol was followed, including incubating plates
at 37°C.

2.4.6 Culturing of bacteria
Individual colonies were picked from the plate using a 2µl filter pipette tip and placed inside
a 14ml BD polypropylene round-bottom tube (Falcon) containing 3ml of LB supplemented
with the appropriate antibiotic. These tubes were then incubated on a shaker at 200rpm at
37°C overnight. For the culturing of Cup constructs, tubes were instead incubated on a shaker
at 200rpm at 30°C for 24 hours.

2.4.7 Preparation of plasmid for embryo injection
Following extraction of plasmid from bacterial cultures using the GeneJet Plasmid Miniprep
Kit (Thermo Fisher), the protocol and reagents from the GeneJet PCR Purification Kit (Thermo
Fisher) were modified for use in producing a purified injection sample. Specifically, 20µl
deionised water is used as the final solute as opposed to the provided elution buffer, and is
heated to 65°C prior to addition to the column to increase yield. In addition, following the
addition of wash buffer to the provided columns containing the plasmid DNA, the column is
then incubated in wash buffer for 4 minutes prior to centrifugation and continuation of the
protocol. The final eluate is also reloaded to the column and centrifuged again to maximise
collection of the purified plasmid from the column. These purified samples are then adjusted
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to the correct concentration. The final volume and concentration required for injection is 10µl
at 150-200ng/µl for transgenic production, and 10µl at 100ng/µl for each gRNA construct for
CRISPR mutagenesis.

2.4.8 Preparation of Cup plasmids for embryo injection
Following the culture of bacteria overnight, preparation and purification of Cup plasmids was
performed by using the HiPure Miniprep Kit (Invitrogen) with the modifications to the
protocol outlined in Sarov et al. (2016). 8-10 individual cultures were run through the same
column to pool the plasmid and produce a higher final concentration for injection. The final
volume and concentration required for injection are 10µl at 250-500µl.

2.5 CRISPR/Cas9
2.5.1 gRNA design
CRISPR target sites for each gene were identified using the CHOPCHOP web service (Labun et
al., 2019). gRNAs with high predicted cutting efficiency and no predicted off-target effects
were then shortlisted. From this list, gRNAs which targeted coding regions towards the 5’
region of the gene were selected, as successful cutting at these locations would result in
earlier disruption of the gene and a greater chance of the resulting product being functionally
null or degraded via nonsense-mediated decay.
To increase the likelihood of CRISPR being successful, and to make possible the creation of
larger deletion alleles (Chen et al., 2014), two gRNAs were designed for each gene. These
gRNAs were designed to target different regions of each gene, both to produce mutants of
different functional severity and to mitigate the possibility that gRNA sites too close to one
another could result in steric hindrance of the Cas9/gRNA complex. These gRNAs, or their
expression vectors, were multiplexed at equal quantities in the injection mix.
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2.5.2 Cloning of gRNA expression vectors
To ensure a continuous expression of gRNA within the embryo the pCFD3 plasmid, containing
a U6:3 promoter, was used as a backbone into which each gRNA template was cloned
according to the protocol provided by www.crisprflydesign.org. In short, oligos were ordered
from Integrated DNA Technologies consisting of the sense and antisense gRNA sequence
flanked with a short overlap with pCFD3. These oligos were firstly phosphorylated and
annealed to create dsDNA capable of ligation, then ligated with 50ng of empty pCFD3 vector
digested with BbsI using T4 DNA ligase (New England Biolabs). A full list of gRNAs used during
the course of this work is detailed in Table 2-3.
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Table 2-3. List of gRNAs, their sequences, and the protein region they target. PAM sites are marked
in red.

gRNA name

Sequence

Targeted region

CG8713 gRNA1

CCGCATATGGGAGTTGACGGCGG

Extracellular region

CG8713 gRNA2

CGTAATGTTCCCGTACCCGATGG

Transmembrane helix

CG9205 gRNA1

CAGCTTTACCGTATCGCCGGAGG

PH domain

CG9205 gRNA2

ACTCGGGTACACCACTGCGCCGG

PH domain

CG45263 gRNA1

GCGGTGATGTTGTGTCCCGGCGG

Pre-IG domain

CG45263 gRNA2

ACTATGGGAGTGCCAAGTGACGG

IG domain

Muc12Ea gRNA1

CGACACTACGAGCTCCAGCAGGG

Pre-mucin domains

Muc12Ea gRNA2

GGGGCCAAACATCGTGAACGCGG

Pre-mucin domains

CG4998 gRNA1

TTCCTCGGCCAAGGAGGCGGTGG

Low-complexity domain

CG4998 gRNA2

TGCTGAGGCTAAGAAGGACGAGG

Coiled-coil domain

Oamb gRNA1

CTTATTCGAACAGAAGACGGCGG

Pre-TM helix

Oamb gRNA2

AAGGCCAAGTCCTTAATCGCCGG

Transmembrane helix

CG11438 gRNA1

TGGTGAACGTGACCATGGCGAGG

PA-phosphatase domain

CG11438 gRNA2

CTACCTGGCCATCTACCTGCAGG

PA-phosphatase domain

Nord gRNA1

CGAGCCCAGCAACGATGACGAGG

Pre-fibronectin domain

Nord gRNA2

GACTCTCCATGGACACGCCGCGG

Pre-DUF

FRG1 gRNA1

TAGGAGTTACCTAAAGGCCATGG

Fascin-like domain

FRG1 gRNA2

AGTTCCAGGACAAGAAGATGCGG

Pre-NLS

CG9095 gRNA1

GTGTCTGCGACAAGGGGCAATGG

Sushi domain

CG9095 gRNA2

GAATCTCACCCAGGGCACGGTGG

Sushi domain

2.5.3 Transcription of cas9 RNA
Whilst the transgenic nos-Cas9 fly stock was used as a source of Cas9 protein for most CRISPR
mutagenesis undertaken, the FRG1 gene locus was deemed too close to the necessary FRT
site for recombination to be feasible. For injections into embryos from the FRT2A fly stock it
was necessary to inject cas9 RNA to be translated in vivo.
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The T7 mMessage mMachine ULTRA kit (Ambion) reagents were used for in vitro transcription
from plasmids containing the Cas9 coding sequence, and the 5’ capping of the resulting RNA.
The reaction was assembled as laid out in Table 2-4, and the resulting mix incubated at 37°C
for 3 hours.
Table 2-4. cas9 in vitro transcription reaction mixture.

Reagent

Quantity

dH2O

5µl

T7 2xNTP/ARCA mix

20µl

T7 10x Reaction Buffer

4µl

Template plasmid

2µg

Enzyme mix

4µl

Following in vitro transcription, Cas9 RNA was poly(A) tailed using the same kit, increasing the
stability of the mRNA in preparation for injection. The reaction was assembled as in Table 2-5
and 2.5µl of the mixture removed for later comparison with the fully processed RNA.
Table 2-5. Poly(A) tailing reaction mixture.

Reagent

Quantity

In vitro transcription reaction mixture

40µl

dH2O

72µl

E-PAP Buffer

40µl

25mM MnCl2 solution

20µl

ATP solution

20µl

After assembly of this reaction, 8µl of E-PAP enzyme was added to the resulting mix, and the
tube incubated for 20 minutes at 37°C. 2.5µl of this poly(A) tailed RNA was then removed for
later comparison with unmodified RNA.
Poly(A) tailed Cas9 RNA was then purified for injection using reagents from the Megaclear Kit
(Ambion). 700µl of binding solution was added to the poly(A) tailed RNA, and mixed via
pipetting. 500µl of 100% ethanol was then added, and 700µl of the resulting mixture added
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to the purification column and centrifuged at 12,000rpm for 1 minute. The flowthrough was
then discarded, and the other 700µl added to the column in the same manner. The column
was then washed twice with 500µl of wash buffer, and the empty column spun for a further
minute to remove any excess ethanol from the wash buffer to reduce potential toxicity. 50µl
of elution buffer was then heated to 65°C prior to addition to the column. After centrifugation
for 1 minute at 12,000rpm the elution was repeated with a second aliquot of elution buffer
to maximise harvesting of Cas9 RNA from the column. RNA concentration was then quantified
by nanodrop. The quality of the RNA was confirmed via agarose gel visualisation of prepoly(A) tailing RNA, post-poly(A) tailing and post-purification RNA, and the purified RNA
multiplexed with gRNA expression vectors to a final concentration of 1µg/µl.

2.5.4 High Resolution Melt (HRM) Curve Analysis of potential CRISPR mutants
Following the eclosion of adult flies derived from injected embryos, both males and females
were collected and crossed to specific balancer stocks depending on the genomic location of
targeted genes. F0 flies were then collected from their single crosses after four days, and
genomic DNA prepared for analysis as explained previously. To detect potential SNPs, small
insertions and deletions present in the germline of these flies as a result of non-homologous
end joining at the targeted cutting site, primers creating a 150-200bp amplicon surrounding
the gRNA target were used to set up a reaction with Meltdoctor HRM Mix (Applied
Biosystems) in a 96-well plate according to the manufacturer’s instructions, with each well
containing genomic DNA from a different F0 fly. Both the initial amplification, and the
subsequent melting of these amplicons, was performed using the StepOne Plus real-time PCR
machine. The melt curves recorded by this machine were then further analysed by examining
any shifts in melting temperature in F0 fly-derived samples compared to nos-Cas9 controls.
After determining potential F0 flies in which genomic modifications may have been produced,
their balanced F1 progeny were then collected. 12 F1 flies from each vial were then single fly
crossed to appropriate balancer stocks. These putative mutant flies were then collected, their
genomic DNA prepared for downstream applications, and HRM analysis performed on these
samples using the same primer sets as for F0 analyses. Melt curves were then analysed as
before, and compared both with nos-cas9 and with the corresponding balancer strain to
ensure any shifts are not due to polymorphisms present on the balancer chromosome. A
57

higher stringency was applied to the determination of melting temperature shifts due to
these flies being potentially heterozygous for the mutant chromosome, compared to F0 flies
who often exhibit less extreme shifts due to genomic changes being constrained to the
germline.
To confirm and determine the nature of these putative mutant lines, melt curve-shifted
reaction mixtures were PCR purified using the GeneJet PCR Purification Kit (Thermo Fisher)
and Sanger sequenced. Successful mutants produce characteristic overlapping wild type and
mutant sequences on the chromatogram, beginning at or near the PAM site, with the
underlying changes determined either by hand or using software such as CRISP-ID (Dehairs et
al., 2016).

2.6 Microscopy
All confocal images were taken using an Olympus IX81 inverted microscope in the FV1000
configuration (UplanFLN 40x/1.30 oil objective) with the Fluoview v3.1 software (Olympus).
Images were processed using Fiji (Schindelin et al., 2012).

58

A Transcriptomics-based Approach to Investigate Drosophila Axis
Formation
3.1 Introduction
3.1.1 The posterior follicle cell signals remain unidentified
The formation of both the anterior-posterior and dorsal-ventral body axes of Drosophila
melanogaster occurs prior to fertilisation in the early-mid stages of oogenesis. This axis
establishment relies on a concerted interplay between the germline and surrounding somatic
tissues, wherein the germline releases Gurken protein to signal to its surrounding follicle cells
at stage 6 (Gonzalez-Reyes and St Johnston, 1998). Following the receipt of this signal by these
somatic cells via binding to the EGF receptor Torpedo, these cells adopt a posterior follicle
cell fate and signal back to the germline to induce the recruitment of Par-1 to the oocyte
posterior cortex and the migration of the oocyte nucleus to the anterior. These two events
underpin anterior-posterior and dorsal-ventral axis formation, respectively.
Whilst the mechanisms underlying the germline responses to these signals have begun to be
characterised in recent years, the nature of the somatic signal - or signals - themselves
remains elusive. The majority of research on posterior follicle cells has identified factors
implicated in the establishment of cell fate, as opposed to components directly involved in
signalling to the germline. This has provided a comprehensive picture of these cells’
specification, but is of limited use in narrowing potential pathways towards axis formation.
Understanding the differences between mature posterior follicle cells and other populations
of cells in the follicular epithelium such as lateral follicle cells, which also contact the oocyte
at later stages but are unable to establish oocyte polarity, may provide further insight into
the nature of these signals. To this end, a transcriptomic analysis of posterior follicle cells was
undertaken.
Several studies of differential gene expression in follicle cell populations have been
performed previously. In Bryant et al. (1999), Gal4 lines were used to express GFP in different
populations of follicle cells, following which egg chambers were treated with trypsin to
dissociate the tissue, GFP-positive cells isolated through FACS, and microarrays used to assay
the transcriptome. However, the microarray performed examined only a small subset of
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Drosopohila genes, and it is also possible that the process of tissue digestion and cell sorting
could induce alterations in gene expression due to changes in mechanical tension or stress
responses, resulting in expression artefacts. A more recent characterisation of posterior
follicle cells (Wittes and Schüpbach, 2019) also utilised DNA microarrays after creating an
epithelium comprised entirely of posterior follicle cells to identify posterior follicle cellupregulated genes. Whilst this approach would not produce the aforementioned artefacts, it
is possible that superseding the normal patterning of the epithelium would also result in
aberrant transcription, and this approach is also unable to separate transcriptional changes
in the soma from those in the germline which may occur in response to these epithelial
alterations. Neither of these methods is ideal for producing an accurate transcriptional profile
of the endogenous posterior follicle cell population and, given neither approach identified
definitive components of soma-to-germline signalling, further studies to better define the
transcriptional profile of follicle cells are warranted.

3.1.2 Targeted DamID is a viable method for examining posterior follicle cells
Targeted DamID (Southall et al., 2013) is a recently-developed technique which combines the
genomic-wide transcriptional profiling of DamID (Steensel and Henikoff, 2000; Van Steensel
et al., 2001) with the cell-type specificity afforded by the UAS/Gal4 system (Brand and
Perrimon, 1993). This method takes advantage of the rarity of endogenous adenine
methylation in eukaryotes (Koziol et al., 2016) by using this modification as a proxy for the
occupancy of a DNA-binding protein of interest on genomic DNA. The protein is first fused to
the E. coli Dam protein, which methylates adenines at GATC sequences. This fusion protein is
placed under the control of a UAS, and driven using a Gal4 which expresses specifically in the
desired cell type. The DNA-binding portion of the fusion protein will then interact with its
endogenous target sequences in that cell type, and the Dam enzyme will methylate nearby
adenines. Following tissue dissection, genomic DNA is isolated and treated with the DpnI
restriction enzyme, which only recognises methylated GATC sequences. Given methylation
will only occur at sites of DNA-fusion protein interaction, and construct expression will only
occur in specific cells, this approach can identify binding sites across the genome without the
need for fixation, cell sorting or microdissection, or an efficient antibody as is required for
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ChiP-Seq. The use of Targeted DamID would therefore bypass the technical limitations of the
previous approaches to studying the follicle epithelium.

Figure 3-1. Targeted DamID allows for the transcriptional profiling of individual cell populations in
the follicular epithelium. The fusion of a bacterial methyltransferase to RNA Polymerase II is driven in
the desired cell type (for example posterior follicle cells, highlighted in red) using the UAS-Gal4 system.
This fusion constructs methylates adenines at sites of transcription. DNA is then isolated from the
tissue and digested at methylation sites. The resulting fragments are then adaptor-ligated, and
adaptor-specific primers used to PCR these fragments to produce sufficient quantities for whole
genome sequencing. Alignment of sequenced fragments to a reference genome gives a locus-specific
indication of methylation and, by proxy, transcriptional activity.

Targeted DamID has been applied in a wide range of contexts, studying not only the binding
sites of individual proteins (Vissers et al., 2018), but also binding sites for long noncoding RNAs
(Cheetham and Brand, 2018) and global changes in chromatin state (Marshall and Brand,
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2017). However, it is also possible to assay cell type-specific gene expression outside of the
context of any particular DNA-binding protein by fusing the Dam methylase to RNA
polymerase II, such that adenine methylation will only occur at sites of active transcription
(Southall et al., 2013). A quantitative analysis of this methylation produces a profile of the
expression level for each gene, meaning datasets derived using different Gal4 stocks be used
to identify changes in gene expression between multiple closely-related cell populations. It is
this particular form of Targeted DamID which is utilised herein.

3.2 Results
3.2.1 Characterisation of Gal4 drivers
Given that Targeted DamID relies on driving DNA methylase constructs in specific cells, it was
firstly necessary to identify Gal4 lines which recapitulate the desired expression profiles.
Work by Morimoto et al. (1996) showed that the transcription factor Pointed is expressed in
posterior follicle cells during mid-oogenesis, with a subsequent dorsal-anterior follicle cell
expression. However, the 998/12 lacZ insertion line, mapped to pnt, has been widely used as
a marker for posterior follicle cell fate specifically (Doerflinger et al., 2010; MacDougall et al.,
2001). To determine whether a pointed-Gal4 line would be suitable for the delineation of the
posterior follicle cell transcriptome, a UAS-mCD8-GFP construct was driven using a Gal4 line
mapped to the PntP1 isoform (Zhu et al., 2011) to allow the visualisation of expression
patterns. No expression of this construct was seen in early stage egg chambers, with signal in
posterior follicle cells visible from stage 6 onwards (Figure 3-2A). This signal persisted until at
least stage 10B, with no indication of any dorsal-anterior expression, indicating that pointedGal4 would provide a specific transcriptional profile for posterior follicle cells alone.
In order to identify genes which are differentially expressed in posterior follicle cells, it was
also imperative to assay the transcriptome of non-posterior follicle cells in parallel to provide
a dataset against which comparisons could be made. This necessitated the identification of a
Gal4 driver which would provide such a pattern. The homeobox transcription factor mirror
has previously been shown to play a role in dorsal-ventral follicle patterning of lateral follicle
cells through repression of the sulfotransferase pipe (Andreu et al., 2012; Ruohola-Baker et
al., 2000). Furthermore, Isabella and Horne-Badovinac (2015) demonstrated that GFP driven
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using mirror-Gal4 expresses in main body follicle cells during stage 8, though did not look at
later stages.
To determine whether mirror-Gal4 could be a suitable driver for this experiment, UAS-mCD8GFP was driven and its localisation in the egg chamber at different stages determined. As
expected, mCD8-GFP was seen in lateral follicle cells starting at stage 8 of oogenesis (Figure
3-2C), and was not seen in either anterior or posterior follicle cell populations. Furthermore,
this driver continued to produce a lateral signal in more mature egg chambers such as at stage
10A. A weak GFP signal was also detected in the early germarium, but was no longer visible
from region 2 onwards. Whilst it is possible that this early expression could result in the
confounding of transcriptional profiles, the number of lateral follicle cells in later stage egg
chambers was deemed likely to minimise the impact of this signal, and mirror-Gal4 was
chosen as a suitable lateral follicle cell driver.
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A

B

C

D

Figure 3-2. Analysis of different Gal4 expression patterns in fixed egg chambers. (A) An example
stage 5-6 egg chamber showing the earliest visible expression of mCD8-GFP (green) under the control
of Pnt-Gal4. The white arrow indicates the posterior pole of an earlier stage egg chamber with no
expression. Posterior expression of Pnt-Gal4 is maintained at later stages (B). Mirr-Gal4 is first
expressed in the follicle epithelium at stage 8 (C), and continues to be expressed laterally (D). DAPI
was used to visualise DNA (magenta). Scale bars are 20 (A and C) and 25 (B and D) µm.
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3.2.2 Determining the transcriptome of posterior and lateral follicle cells
Having identified Gal4 lines with the appropriate expression patterns, the next step was to
assay the transcriptional level of individual genes in the genome. The laboratory of Andrea
Brand pioneered the technique of Targeted DamID, and this work was undertaken in
collaboration with members of this lab, namely Robert Krautz and Abhijit Das, as well as
another PhD student in the St Johnston lab, Avik Mukherjee. To determine the transcriptional
landscape, flies with a Dam-PolII fusion protein under a UAS promoter were crossed to the
above Gal4 lines to drive construct expression. The Dam-PolII construct results in the
methylation of adenines at GATC sequences encountered during the binding of PolII to DNA
in these cells. This provides a quantitative measure of the genome occupancy of PolII and,
therefore, the extent of transcription at each genomic locus. However, given it would also be
possible for this Dam-PolII fusion protein to methylate adenines at non-specific sites of high
accessibility due to open chromatin states, it is also necessary to control for the resultant
background fluctuations in methylation across the genome. To do so, Gal4 lines were also
crossed to flies containing a UAS-Dam construct with no fused protein (Marshall and Brand,
2015), as the resulting methylome assays the ability for the Dam methylase to act upon
different regions of the genome outside of a transcriptional context, and allows for the
normalisation of Dam-PolII datasets.
The ovaries from females of these four genotypes – pointed-Gal4 and mirror-Gal4 in
combination with UAS-Dam-PolII and UAS-Dam only – were dissected and processed as
detailed in the materials and methods. The alignment of sequencing reads to the genome,
normalisation of Dam-PolII quantification with respect to Dam alone, and statistical analysis
to identify significant differences in gene expression was performed by Robert Krautz.
It was firstly important to validate these datasets as representative of their cell populations.
The first question to address was whether pointed and mirror appeared to be upregulated in
their respective Gal4-driven datasets, and whether their expression was mutually exclusive
as indicated by the fluorescent analysis. Encouragingly, the PolII binding intensity was
significantly increased at the locus for pointed in pointed-Gal4 datasets when compared to
mirror-Gal4, and vice versa (Figure 3-3A-B). Additionally, an analysis of PolII binding intensity
across the genome confirmed that a significant proportion of peaks occurred at or near
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predicted promoter regions for gene loci (Figure 3-3C), suggesting that the Gal4-driven PolII
construct functioned as expected in terms of DNA binding.
To further establish the fidelity of the dataset, the PolII occupancy of several genes previously
identified as posterior follicle cell-upregulated was also examined. The T-box transcription
factors Midline and H15 have previously been shown to be upregulated in posterior follicle
cells in response to receipt of the Gurken signal, where they act to restrict the later adoption
of a dorsal cell fate by repressing the expression of mirror (Fregoso Lomas et al., 2013; Fregoso
Lomas et al., 2016). An examination of the binding profiles at both loci revealed significantly
increased PolII binding (Figure 3-3D) confirming that these datasets are able to recapitulate
previously-observed differences in gene expression.
Given that H15 and Midline are in close proximity to one another on chromosome 2L, another
example on a different chromosome was examined to discount the possibility of some
artefact based on genomic region. The expression of the secreted protein torso-like is known
to be constrained to both anterior and posterior follicle cell populations where it aids in
establishing the termini of the future embryo (Furriols et al., 2007). The genomic locus of
torso-like on chromosome 3R was also found to be significantly upregulated in the pointedGal4 dataset (Figure 3-3D) This provided sufficient confidence that these datasets were
capable of identifying differences in transcriptional landscape regardless of genomic location.
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Figure 3-3. Targeted DamID in lateral and posterior follicle cells. A Dam-PolII construct was expressed
in follicle cell populations specified by Pointed-Gal4 or Mirror-Gal4 to identify differentially-expressed
genes. (A-B) Cross-validation of mirr and pnt expression in the two experimental conditions. The
binding intensity of PolII is greatly reduced over the mirr locus in Pnt>Dam-PolII (A), and vice versa
over the pnt locus in Mirr>Dam-PolII (B). (C) Validation of PolII binding over genomic features
corresponds with the universal concentration of PolII binding at the 5’-end of gene bodies. (D-E)
Pnt>DamPolII provides a representative profile of the posterior follicle cell transcriptome. (D) Higher
binding intensity of PolII occurs at H15 and mid loci in Pnt-Gal4 samples (blue) than in Mirr-Gal4
(orange). This is also true at the tsl locus (E).

3.2.3 Identification of differentially regulated genes between follicle cell populations
Having established that Targeted DamID of follicle cells appears to provide representative
transcriptional profiles, these profiles were then compared to one another to identify genes
which were upregulated or downregulated in each population. Firstly, the peak intensity at
promoters, introns and exons throughout the genome was determined for each dataset. The
intensity across each of these regions was then averaged between all mirr or all pnt datasets
to produce an expression value. The ratio between these two values was then calculated, and
used as part of a statistical analysis to identify significant differences between these datasets.
This analysis was more thorough than the application of a threshold for fold-change.
The above pipeline was applied to every locus in the Drosophila genome, producing a
comprehensive list of genes specifically transcribed in, or enriched in, posterior and lateral
follicle cells. 140 genes were significantly upregulated in pointed-Gal4 samples. Of these
genes only 103 were protein coding, with the rest comprised of untranslated transcripts such
as long noncoding RNAs. 143 genes were upregulated in mirror-expressing cells, of which 118
were protein coding. All other genes were either not expressed, or were expressed at
consistent levels between both cell types. These data are graphically depicted in Figure 3-4A,
and a list of upregulated protein-coding genes from both datasets can be viewed in the
Appendices.
Both midline and H15, as mentioned above, were identified as posterior-upregulated
according to this statistical analysis. This was also true of torso-like, as well as the EGFR
inhibitor argos (Zhao and Bownes, 1999) and the Notch modulator bib (Ruohola et al., 1991),
as well as pointed itself. This provided a measure of confidence that these data could be used
to identify new factors affecting axis formation.
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However, this validation also differed notably from a similar analysis undertaken by Wittes
and Schüpbach (2019), who identified 317 posterior-enriched genes. Though 11 of the 103
protein-coding genes identified in this study were also listed as significantly upregulated in
the microarray dataset, theirs also included other known posterior factors. These included
jim (Doerflinger et al., 1999), impL2, and kek1, none of which were identified as significant in
the present dataset. These differences can be explained by the fact that many of these genes
were also expressed at later stages of oogenesis in other populations of follicle cells. jim is
expressed in non-antero-dorsal cells, whereas impL2 and kek1 both express in dorsal-anterior
cells. Given these cell types are all lateral, it is likely that their expression was also detected
in the mirror-Gal4 samples and therefore did not result in a significant difference. If true, this
would indicate that the analysis presented herein may more specifically detect only those
genes which are upregulated in posterior follicle cells, as opposed to genes which are
upregulated as a general consequence of EGFR signalling. This would result in a more focused
dataset better suited to identifying factors involved in A-P axis formation.
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Figure 3-4. Identification and bioinformatic analysis of differentially expressed genes. (A) Correlation
of binding intensities within identified peak regions for Pnt>Dam-PolII and Mirr>Dam-PolII. Peaks that
differ in their binding intensity by a fold change of 2 or greater are highlighted. Peaks that were
associated with genes which encode for a protein bearing either a transmembrane protein or a signal
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Fold enrichment of the five most-enriched GO terms in the Biological Process and Molecular Function
categories for Pnt-upregulated genes.

69

To further dissect the common themes and processes in which these upregulated genes are
implicated, with the hopes of providing greater insight into potential mechanisms of
signalling, a preliminary Gene Ontology term analysis was performed. For this analysis, the
thresholded list of posteriorly-upregulated genes were compared to the Drosophila genome
to determine whether any GO terms were enriched in the gene list. This comparison was
performed using the DAVID bioinformatics tool (Huang et al., 2009a; Huang et al., 2009b). As
can be seen in Figure 3-4C, the most-enriched biological processes identified in these genes
were components or modulators of the Torso signalling pathway (p=0.002), exhibiting over a
15-fold enrichment compared to background. This is to be expected, considering the alreadyestablished role that Torso-like plays during terminal follicle cell signalling during late
oogenesis (Furriols et al., 2007). The second most-enriched GO term, for the process of
ommatidial rotation (13.2-fold increase, p=0.02), is not immediately intuitive. However, this
makes sense once it is considered that ommatidial rotation is controlled by an EGFR-induced
MAPK cascade (Gaengel and Mlodzik, 2003) and could therefore be considered a parallel
process to the MAPK signalling activated by EGF in posterior follicle cells. An analysis of GO
molecular function terms also revealed a strong enrichment of genes affecting transcription
(4.6-fold enrichment, p=0.94x10-6), likely reflecting the multitude of transcription factors
upregulated according to this dataset.
Interestingly, the strong enrichment of actin-regulating factors in posterior follicle cells (9.1fold enrichment, p=4.7x10-4) has not been previously established. The proteins Ena and Capt
are known to play counterbalancing roles in actin filament assembly at the adherens junction
(Baum and Perrimon, 2001), and thus their joint upregulation may not result in any gross
cytoskeletal changes. The formin DAAM and fascin Singed, however, both possess actinbundling capabilities, and their human orthologues have been shown to act collaboratively in
vitro (Barko et al., 2010; Jaiswal et al., 2013). It is possible that a downstream consequence
of EGFR signalling to terminal follicle cells is an increase in actin bundling to alter the tension
or mechanical properties of the cell cortex (Bathe et al., 2008).
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140 Pnt-specific genes
103 protein-coding
29 transmembrane
23 signal peptide

Figure 3-5. The pipeline followed for analysis of DamID datasets. (A) Peak distributions normalised
by comparison to Dam-only data were used to identify a subset of upregulated genes. These loci were
then narrowed to protein-coding genes using Flybase, and the amino acid sequences extracted and
analysed for transmembrane helices and signal peptides. (B) A summary of the number of Pnt-specific
genes remaining at each step of analysis.

To see whether any of these expression changes could be amplified by a downregulation of
genes affecting these same processes, the same GO analysis was applied to Mirrorupregulated genes. The extent of enrichment for biological processes was much lower in
these genes (Figure 3-4B), with the highest at only 3.06 compared to 15.04 for the Pointed
dataset. This perhaps indicates a less-coordinated shift in gene expression. The enrichment
of genes relating to transcription, splicing and transcriptional regulation provide little further
insight into the end result of these changes. Four of the five most significantly
overrepresented GO analyses for molecular functions in this dataset related to redox activity,
either directly or through reference to ferrous cofactor binding. These are likely due to the
five cytochrome P450 oxidases which are present in the Mirror list, all of which require haem
groups for catalysis (Gilardi and Di Nardo, 2017). These results provided little further insight
into potential mechanisms of axis establishment, though it is possible that a more rigorous
statistical analysis would glean more useful information.
To create a list of potential candidates affecting oocyte polarity establishment or nuclear
release, the 103 posterior-enriched genes were further narrowed by function. The
assumption was made that any signal between posterior follicle cells and the oocyte must
occur via interaction between membrane-bound proteins on both cells, through the transport
of a chemical messenger, or through the secretion of a ligand to effect an oocyte response by
receptor binding. All proteins involved in these processes would require either a signal
peptide and/or a transmembrane domain in order to be trafficked to the plasma membrane
or secreted. To detect these features, the amino acid sequences of all 103 genes were probed
with SignalP 4.1 (Petersen et al., 2011) and TMHMM v2.0 (Krogh et al., 2001). This analysis
identified 29 genes with a transmembrane helix, and 23 with a signal peptide. These genes
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are listed, and their expression levels in lateral versus posterior follicle cells visualised, in
Figure 3-6A. Whilst several of these genes, such as fng (Grammont and Irvine, 2001)and
Oamb (Deady and Sun, 2015), have previously-studied roles in posterior follicle cells or
terminal follicle cells, the majority of these have no such known function. This list was
supplemented with actin-associated genes, as determined either by published
characterisations, orthology to actin regulators, or possession of conserved actin-binding
domains. This was to account for the possibility that a restructuring of the actin cytoskeleton,
or a generation or relief of localised tension at the point of contact with the oocyte, could act
as a mechanical signal. This resulted in a shortlist of 63 genes to examine further.
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Figure 3-6. Visualisation of posterior-upregulated genes of interest. Heatplots showing expression
levels at gene loci in Mirr>Gal4 and Pnt>Gal4 datasets. (A) Pnt>Gal4-enriched genes containing a
transmembrane helix or helices, or a signal peptide. (B) Pnt>Gal4-enriched genes with established or
putative roles in actin regulation. Scale represents log2 expression levels across the locus. Genes are
ranked (top to bottom) dependent on the significance of their fold change in expression. Created using
code provided by R. Krautz.
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3.2.4 An RNAi screen to identify novel axis formation components
Having established a shortlist of potential secreted or transmembrane proteins, these genes
were then knocked down using RNAi and the establishment of the A-P and D-V axes
examined. RNAi lines were sourced from either the TRiP collection stored at Bloomington
Stock Centre, or from the RNAi collection at the VDRC in Vienna. Where possible, multiple
RNAi lines were sourced for each gene to account for variability in the efficacy of knockdowns.
Whilst this approach would not necessarily result in a complete perturbation of axis formation
as other upregulated proteins may still produce a sufficient response, any decrease in the
efficiency of establishment could provide an indication of potential mechanisms to examine
in further detail.
Many genes are known to play multiple roles at different stages of egg chamber development,
which has frequently resulted in a masking of later stage mutant or knockdown phenotypes
due to the earlier effects of their perturbation. A pertinent example of this is the myosin
phosphatase flapwing, where a defect in the posterior follicle cell specification of mutant
clones produces a gurken-like oocyte phenotype whereas rescue of specification reveals a
subtler defect in only oocyte polarity establishment (Sun et al., 2011a). To identify
deficiencies in axis formation independent of cell fate, the pointed-Gal4 driver was chosen to
drive these RNAi constructs.
Considering the transcriptional activity of Gal4 is known to be temperature-dependent (Duffy,
2002), each RNAi line was driven at both 25°C and 29°C to account for differences in
knockdown efficacy and uncover phenotypes which may not have been present at only one
temperature. GFP-Staufen has been commonly used in the past as a proxy for oocyte polarity
and, therefore, axis formation (Martin et al., 2003). To assay the impact of the knockdown of
each gene on axis formation, a GFP-Staufen marker was examined in each knockdown
condition. Previous studies have also demonstrated that the coexpression of VDRC RNAi
constructs with a UAS-Dicer2 transgene often resulted in increased knockdown efficiency
(Dietzl et al., 2007). For this reason, the GFP-Staufen chromosome was recombined to
introduce the UAS-Dicer2 construct, and this recombined marker chromosome used when
driving VDRC lines.
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It was necessary to quantify the effects of these knockdowns on axis formation in order to
identify candidates to further characterise. For each egg chamber, the localisation of GFPStaufen was categorised as one of five classes. The first class possessed a clear crescent of
posteriorly-localised Staufen, broadly corresponding to wild type. In the second class Staufen
was diffuse, whilst in the third Staufen coalesced in the centre of the oocyte. These two
categories indicate a difference from wild type, though potentially to differing extents or as a
result of the perturbation of different mechanisms, such as mRNA transport versus polarity
establishment, respectively. The fourth class possessed punctae of GFP-Staufen in the oocyte,
perhaps indicating a colocalisation with RNP granules. The final class was a further delineation
of class one, used only for quantifying stage 9 egg chambers, wherein GFP-Staufen was both
posteriorly-localised and present in an ectopic dot or cloud in the centre of the oocyte,
indicative of a weaker polarity phenotype. Representative egg chambers for each category
are depicted in Figure 3-7.
These phenotypic characterisations were carried out at both stage 8 and stage 9 of oogenesis,
in case the knockdown of a gene resulted in a decreased efficiency in signalling from posterior
follicle cells as opposed to a full ablation. Such a phenotype could result in a delay in the
posterior localisation of GFP-Staufen, and therefore a greater proportion of egg chambers
with diffuse or centrally-located Staufen. The guidelines for staging as laid out in Jia et al.
(2016) were broadly followed, with the onset of anterior follicle cell migration considered the
beginning of oogenesis stage 9. The dissection and quantification of these RNAi lines was
carried out in collaboration with Joseph Stone, an undergraduate summer student.
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Figure 3-7. Different categories of Staufen localisation. (A) Stage 9 egg chamber with wild-type GFPStaufen. (B) A stage 9 egg chamber with diffuse GFP-Staufen (green). (C) Stage 9 egg chamber with a
coalesced Staufen signal in the centre of the oocyte. (D) Stage 9 egg chamber with a posterior crescent
at the posterior cortex in addition to a coalescence or cloud in the centre of the oocyte. (E) Stage 8
egg chamber with granules of GFP-Staufen, which may or may not exhibit a posterior localisation in
addition. DNA is stained with DAPI (magenta). Scale bars are 25µm for each image.
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For flies maintained at 25°C, approximately 70% (n=34) of stage 8 egg chambers in which no
RNAi construct was driven already showed a crescent of GFP-Staufen at the posterior (Figure
3-8A). Knockdown of several different genes resulted in greater proportions of egg chambers
with GFP-Staufen aggregated in the centre of the oocyte, such as dnaJ-H (83% coalescing,
n=24). Other knockdowns resulted in a higher number of egg chambers with diffuse stage 8
Staufen, such as rhoGAP18B and tsl. However, the high variability in the localisation of GFPStaufen in many different lines made it infeasible to follow up on any of these differences in
localisation at stage 8 in detail.
By stage 9, 100% (n=24) of control egg chambers driving no RNAi possessed a posterior
crescent of GFP-Staufen (Figure 3-8B). By comparison, a number of different RNAi lines gave
a mislocalisation of GFP-Staufen. The strongest such phenotype was from the knockdown of
CG9095 (RNAi line 61881), in which 40% of egg chambers possessed a central GFP-Staufen
aggregate in addition to a posterior localisation, and a small number producing no posterior
localisation at all. Similar phenotypes were also seen when disrupting CG9205 (35%
coalescing, n=20) and CG45263 (37.5% coalescing, n=16). This would indicate that a number
of these genes could play roles in anterior-posterior axis formation. No RNAi lines examined
after growth at either 25°C or 29°C resulted in observable defects in nuclear migration.
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Figure 3-8. Summary of RNAi screen results at 25°C. (A) Quantification of GFP-Staufen localisation in
stage 8 Pnt>RNAi egg chambers. (B) Quantification of GFP-Staufen localisation in stage 9 Pnt>RNAi
egg chambers. For both tables, no RNAi controls and Vienna No RNAi controls were GFP-Staufen;;PntGal4 and UAS-Dcr2,GFP-Staufen;;Pnt-Gal4 females which had not been crossed to an RNAi line,
respectively.

When stage 8 egg chambers from flies kept at 29°C were examined, the same variability in
GFP-Staufen localisation was seen, albeit of less interest given that the lower percentage of
egg chambers with posterior enrichment (53%, n=28) in controls (Figure 3-9A). DnaJ-H
knockdown once again produced a much greater degree of coalescence (94%, n=18), and
RhoGAP18B knockdown with the same RNAi line resulted in a shift towards coalescence
compared to its 25°C counterpart (64%, n=31), perhaps indicating a strengthening of this
phenotype.
However, these phenotypes were less pronounced or not present at stage 9. 71% of dnaJ-H
egg chambers were wild type (n=14), whilst no aberrant localisation of GFP-Staufen was
observed following RhoGAP18B knockdown (Figure 3-9B). Several knockdowns with
phenotypes at 25°C continued to give some egg chambers with GFP-Staufen mislocalisation
at 29°C, including CG9095 and CG9205. Additionally, other RNAi lines only gave phenotypes
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A

B

Figure 3-9. Summary of RNAi screen results at 29°C. (A) Quantification of GFP-Staufen localisation in
stage 8 Pnt>RNAi egg chambers. (B) Quantification of GFP-Staufen localisation in stage 9 Pnt>RNAi
egg chambers. For both tables, no RNAi controls and Vienna No RNAi controls were GFP-Staufen;;PntGal4 and UAS-Dcr2,GFP-Staufen;;Pnt-Gal4 females which had not been crossed to an RNAi line,
respectively.

when driven at this higher temperature. This included the RNAi line with the most potent
disruption, which targeted the gene singed (59% mislocalisation, n=24).
Having identified a number of different RNAi lines which gave a GFP-Staufen mislocalisation
phenotype when driven with Pnt-Gal4, the severity of these phenotypes was ranked at each
temperature. A threshold of 10% mislocalisation was applied to narrow down candidates to
a shortlist to be analysed in more detail. This ranked gene list can be seen in Figure 3-10A-B.
The most penetrant phenotype at 25°C came from the knockdown of CG9095 (Figure 3-10C),
an orthologue of the selectin transmembrane adhesion proteins. Selectins play previouslyestablished roles in regulation of the actin cytoskeleton, and can act as either the ligand
(Brenner et al., 1997) or the receptor (Ng-Sikorski et al., 1996) in this process. An attractive
hypothesis is therefore that posteriorly-expressed CG9095 acts as a ligand for an oocyte
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receptor, resulting in a modulation of the actin cytoskeleton to recruit Par-1 and induce
polarity.
The strong oocyte polarity phenotype induced by singed knockdown (Figure 3-10D) was also
exciting given the previously-discussed enrichment of actin-regulating genes in posterior
follicle cells. These data, when considered in tandem, lent credence to the possibility that
mechanical forces induced by posterior follicle cells were required to polarise the oocyte.
Some RNAi lines such as BL62468, which targeted CG45263, gave a Staufen mislocalisation
phenotype at 25°C but not at 29°C. Given the conventional opinion that higher temperatures
increase the efficacy of RNAi it is not clear why this would be the case, but to maintain a wide
scope in identifying axis formation factors such genes were also subjected to further analysis.
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Figure 3-10. Ranking of the most penetrant RNAi phenotypes provides a shortlist for further
analysis. (A) Quantification of RNAi phenotypes at 25°C, ranked by severity. (B) Ranked quantification
of RNAi phenotypes at 29°C. (B-C) Representative GFP-Staufen (green) mislocalisation phenotypes
resulting from knockdown of CG9095 at 25°C (C) and Sn at 29°C (D) in stage 9 egg chambers. DNA is
stained with DAPI (magenta). Scale bars are 25µm.

3.2.5 Attempted validation of identified candidates through mutant analysis
Having identified a number of genes with putative roles in anterior-posterior axis formation
via RNAi, it next became important to confirm the knockdown phenotypes through analysis
of mutant alleles. Given that the strongest phenotype identified resulted in mislocalisation of
GFP-Staufen in 50% of egg chambers, it was also hoped that phenotypic analysis with mutant
stocks would result in a more penetrant defect.
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Whilst extant mutant stocks exist for a number of the candidates identified above, many of
these genes were uncharacterised CG numbers with no previously identified alleles.
Furthermore, though insertional mutant stocks such as MiMiC lines existed for several of
these genes, analyses of MiMiC gene traps in essential genes did not always result in the
homozygous lethality expected of a null mutant (Nagarkar-Jaiswal et al., 2015). Whilst the
proportion for which this is the case is admittedly low, it was still deemed best to produce
mutants in coding regions. CRISPR/Cas9 was therefore employed to create mutants for these
genes (Table 3-6).
The creation of mutant alleles for CG9095, Nord and Ids was carried out by myself. The
generation of the remaining CRISPR alleles was undertaken in collaboration with Judy Sayers,
a Part II student in the St Johnston lab under my supervision.
The mutagenesis of all these genes was successful, with the majority of attempts producing
putative null mutations by virtue of their frameshifting the downstream protein sequence to
produce premature stop codons. Many of the mutant fly stocks were homozygous viable.
However, mutants for Ids and CG4998 were homozygous lethal, and thus were both
recombined onto FRT2A so that clones could be induced in posterior follicle cells.
Both of the mutants created for CG9095 were also homozygous lethal, and therefore it was
not possible to examine homozygous females to characterise any potential defects in axis
formation. These mutants were recombined with FRT19A. However, although the
recombination was successful, recombinant stocks were homozygous viable in nature. This
same phenomenon was observed with the null mutant isolated for CG9205. This would
suggest either that one or both gRNAs produced off-target mutations which were themselves
responsible for the lethality of the stock, or that a background mutation on the injected nosCas9 fly stock acted as an enhancer of the newly-created mutant phenotype to produce a
lethal outcome.
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Table 3-6. Candidate genes targeted for CRISPR mutagenesis. Conserved domains listed are as
predicted by SMART or InterPro..
Gene

Domains

Human Orthologue

Number of

name
CG9095

Nature of mutation

Mutant class

alleles
Lectin

Selectin family

2

7bp deletion at Gly82

Likely null

DUF2369

Neuron Derived

11

17bp deletion, 3bp

Likely null

FNIII

Neurotrophic

insertion at Ser230;

Factor

14bp deletion at

FTP1
Sushi
Nord

Asn430
Ids

Sulfatase, N-

Iduronate-2-

terminal

sulfatase

4

7bp deletion, 6bp

Likely null

insertion at Leu6; 5bp
deletion, 1bp
insertion at Tyr119

CG11438

Phosphatidic

Phospholipid

acid

phosphatase 1

1

7bp insertion, 11bp

Likely null

deletion at Tyr200

phosphatase,
type 2
Sandman

Potassium

KCNK18

4

channel
CG9205

Oamb

10bp deletion at

Likely null

Thr142

Pleckstrin

Oxysterol binding

homology

protein-like 10

Rhodopsin-like

Adrenoreceptor

GPCR

a1A

2

12bp deletion and

Likely null

1bp at Gln75
3

3bp insertion, 23

Likely null

deletion at Val41; 5bp
at Ser139

Muc12Ea

N/A

Mucin 1

2

7bp deletion at Ser97

Likely null

CG45263

Immunoglobulin

Interleukin 1

2

26bp deletion at

Hypomorph

subtype

receptor, type 1

Gln147; 1bp deletion

Immunoglobulin

at Pro186

subtype 2
CG4998

Trypsin

Plasminogen

1
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S17A substitution,

Likely

6bp deletion at A14

hypomorph

Having generated these mutants, their ability to recapitulate the RNAi phenotypes was
determined. Homozygous viable mutants were examined with either the same GFP-Staufen
construct used in the RNAi screen or with a Staufen antibody. For lethal mutants, somatic
clones were induced at the posterior of the egg chamber, and GFP-Staufen localisation
assayed. Contrary to the varying severities of phenotypes observed through RNAi, none of
the examined mutants resulted in Staufen mislocalisation. Additionally, though no such
finding was to be expected, nuclear migration was observed to be unperturbed in all mutants.
Cumulatively, these findings suggested that mutants in these genes were still able to establish
both the anterior-posterior and dorsal-ventral axes. Furthermore, all null mutant stocks
barring one were fertile, with eggs laid by homozygous females readily able to survive to the
next generation. This fertility was a further indication that these mutants had no significant
defects in axis formation.
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A

CG909522-16

B

oamb3-6

C

CG499811-9

D

CG920511-1

E
F

F

nord28-1

CG114388-3

G

H

CG4526320-2

CG920511-1

Figure 3-11. Staufen localisation is not affected in CRISPR mutants of candidate genes. Staufen
antibody staining (A, E) or GFP-Staufen (B-D, F-H), labelled in yellow, shows a Staufen crescent at the
posterior cortex of stage 9 oocytes in mutant posterior follicle cells. Follicle cell staining in anti-Staufen
channels is a result of antibody cross-reactivity. Where clonal analysis was necessary, mutant clones
were marked by the loss of nls-RFP (cyan). Follicle cell clones of CG909522-16 (A), oamb3-6 (B), CG4998119
(C) and CG920511-1 (D) do not disrupt Staufen localisation. Staufen was also correctly localised in
homozygous nord28-1 (E), CG114388-3 (F), and CG4526320-2 (G) mutants. (H) Mutant clones of CG9205111
sometimes resulted in cell death at the posterior, as indicated by condensed DNA staining (cyan
arrow). DNA was labelled with DAPI in all images (magenta). Scale bars for all images are 25µm.
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The sterile mutant stock mentioned above was the strongest mutant for CG9205, termed
CG920511-1. However, though lacking a defect in axis formation, homozygous CG920511-1
mutant ovaries did not contain any mid-late stage egg chambers and very few early stages.
This could potentially indicate that CG9205 functions in oocyte specification (Mach and
Lehmann, 2002). An additional phenotype for CG9205 mutants was also observed in a small
proportion of egg chambers. As can be seen in Figure 3-11H, mutant clones in posterior follicle
cells sometimes appeared to undergo cell death. Affected cells exhibited fragmentation of
nuclei as visualised by DAPI, with condensed cells being extruded from the follicle epithelium
towards the oocyte. Staining with a Staufen antibody revealed that a crescent was still
capable of forming in these egg chambers, though this crescent did appear to be disrupted at
the sites of extrusion.
Another interesting finding came from studying CG9095 mutants. Whilst selecting
homozygous flies to analyse further, an additional macrochaete was frequently observed in
both males and females. These usually protruded from the ventral abdomen, though could
sometimes be seen on the lateral abdomen. Often, they appeared to be part of a much larger
bristle-like structure growing under the cuticle. Furthermore, these macrochaetae were often
deformed in a manner reminiscent of strong singed mutants, in spite of there being no
noticeable defects in thoracic macrochaetae. A literature search did not identify any other
mutants with a similar phenotype. However, given this phenotype likely occurs independently
of any potential effect on polarity, it was not considered of sufficient interest to follow up in
any detail.
Overall, it was not possible to validate the findings of the RNAi screen using the novel mutants
created herein. Additionally, due to the strong nature of the alleles created, it seems likely
that CG9095, Nord, Ids, CG11438, Sandman, CG9205, Oamb and Muc12Ea can be discounted
as playing an essential role in axis formation.

3.2.6 Analysis of extant mutants and redundant proteins
Though many of the genes identified through the RNAi screen were as-yet uncharacterised,
there were others for whom null mutations had already been created. These mutants also
had the benefit of having been confirmed as null through western blotting or
immunofluorescence, as opposed to the putative nulls generated during this work.
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The transcriptomics analysis also identified certain proteins with related functions, or
members of the same family, as being upregulated in tandem. In these cases, it is possible
that analysing only one mutant or RNAi line in isolation would not produce as strong a
phenotype due to functional redundancy. This has already been shown to be the case in at
least one set of proteins upregulated in posterior follicle cells. Drosophila N-Cadherin and NCadherin2 double mutants exhibited a significantly higher frequency of morphological defects
than CadN mutants alone (Yonekura et al., 2007). To minimise the potential for such
redundancies to mask phenotypes, and to examine known molecular nulls where possible,
existing double mutant stocks were also tested for axis formation phenotypes.
The Drosophila fascin orthologue Singed is a well-studied protein with a number of existing
hypomorphic and amorphic mutants. To attempt to recapitulate the potent oocyte polarity
phenotype observed in the RNAi screen, the null mutant sn28 was provided as a kind gift by B.
Stramer. However, it had been previously observed that sn28 mutant stocks were liable to
instability (personal correspondence), consistent with observations of multiple other singed
alleles. For snvw mutants, the genomic background is known to play a role in reversion to wildtype (Ortori et al., 1994). Though this mutant is a P-element insertion as opposed to the EMSinduced sn28 allele, it was nevertheless considered prudent to alter the genetic background of
this stock in an attempt to improve stability. For this reason, the sn28 mutant locus was
recombined onto FRT19A despite it being possible to analyse homozygous females directly.
However, inducing posterior follicle cell mutant clones did not result in an oocyte polarity
phenotype as determined by GFP-Staufen localisation (Figure 3-12A). It should be noted that
some very minor fluorescence remained in some of these posterior follicle cell clones, the
source of which is unclear.
Though knockdown of either of the two CadN proteins via RNAi did not result in any disruption
of GFP-Staufen, it was still possible that a simultaneous disruption would result in an axis
formation defect due to the loss of potential redundancy. A CadN-CadN2 double mutant stock
(Prakash et al., 2005) was used to make clones in posterior follicle cells. However, staining
with anti-Staufen demonstrated a wild-type localisation, and no nuclear retention at the
posterior was observed in these egg chambers (Figure 3-12B). This indicated that neither of
the two Drosophila N-Cadherins played a discernible role in axis formation.
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Figure 3-12. Existing mutant lines do not give highly penetrant axis formation phenotypes. Staining
with Staufen antibody (A, B, G, H) or analysis of GFP-Staufen (C-F, I) in a number of mutant lines.
Where clonal analysis was necessary, mutant clones were marked by the loss of nls-RFP (cyan). Follicle
cell clones of Sn28 (A), ncadD14 (B), pydB12 (C), and tretD (D) exhibited wild type Staufen localisation.
Posterior follicle cell clones of pkn1T with wild type (E) or diffuse (F) Staufen localisation. Homozyous
nuf1 egg chambers were mostly wild type in the context of axis formation (G), with some mild defects
in isolated cases (H). (I) tretD follicle cell clones were sometimes seen extruding towards the oocyte
(cyan arrow). DNA is marked with DAPI (magenta). All scale bars are 25µm.

The single ZO-1 family member in Drosophila, Polychaetoid, has been well-examined with a
multitude of known functions throughout development. However, its complex splicing and
numerous transcriptional start sites results in many different protein isoforms, and it is
possible that the examination of many mutants would not provide a true depiction of a null
allele. For this reason, the pydB12 deletion allele, which was a proven strong hypomorph or
null (Choi et al., 2011) was recombined with FRT82B. However, clones at the posterior of the
egg chamber also exhibited no noticeable phenotype as determined by GFP-Staufen
examination (Figure 3-12C).
Another pair of proteins which are jointly upregulated in posterior follicle cells are the
trehalose transporters Tret1-1 and Tret1-2. Tret1-2 arose in a recent gene duplication event,
and appears to play less essential roles in Drosophila based on studies of its lethality.
However, to mitigate the possibility of functional redundancy, a previously-created deficiency
lacking both genes (Volkenhoff et al., 2015) was recombined with FRTG13. Clones induced at
the posterior did not appear to affect axis formation in any appreciable manner when follicle
cells were wild type in morphology (Figure 3-12D). However, several egg chambers with
posterior clones exhibited defects in epithelial integrity. Some of these mutant cells appeared
to have been extruded from the epithelial layer towards the germline, and DAPI staining
indicated fragmented nuclei often associated with cell death. This extrusion does appear to
impinge on the oocyte, as seen in Figure 3-12I, though more analysis would be required to
determine whether this follicle cell phenotype results in defects in axis formation. It should
be noted that the TretD deletion also affects the coding sequence of the RING finger protein
Roc2, and so it is possible that this epithelial phenotype is caused by disruption of Roc2.
Analysis of other Roc2 alleles would be required to confirm whether this is the case.
To test the recycling endosomal adaptor protein Nuclear Fallout, which gave a mild polarity
phenotype through RNAi, females homozygous for the maternal effect lethal nuf1 mutant
(Sullivan et al., 1993) were dissected and stained with Staufen antibody. This resulted in a
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mild polarity defect in a very low percentage of egg chambers per ovary, in which a cloud of
Staufen was seen in the oocyte centre in addition to its localisation at the posterior (Figure 312G). Similarly, an attempted validation of the PKN Staufen mislocalisation phenotype using
the pkn1T allele (Ferreira et al., 2014) resulted in a diffuse localisation in only a few egg
chambers (Figure 3-12F), whilst the vast majority were wild type (Figure 3-12E). Both nuf1 and
pkn1T are confirmed molecular null mutants, and thus it seemed likely that any role they may
play in affecting posterior follicle cell signalling was not essential. As such a role would also
be difficult to study further with such a low proportion of mutant egg chambers, further
analysis was not undertaken on these mutants.
The conclusion of the mutant analyses of both the 10 genes targeted via CRISPR, and the
multitude of genes targeted using existing alleles, was that it was not possible to recapitulate
the previously observed RNAi phenotypes in almost all cases. However, in addition to the
pleiotropic effects of genes such as CG9095 and CG9205 described above, another set of
phenotypes observed for several candidates provided potential insights into the nature of the
upregulated genes.

3.2.7 Some mutants show phenotypes in anterior follicle cells
In contrast to posterior follicle cells, the anterior-most follicle cells in the egg chamber
undergo epithelial delamination and undertake a collective cell migration at stage 9 (Montell
et al., 2012). These clustered, motile cells are termed border cells, and migrate between the
nurse cells to reach the anterior oocyte cortex by stage 10B, where they are required for the
formation of the micropyle to allow sperm entry (Montell et al., 1992). The border cell cluster
is a well-established model for the study of collective cell migration and, due to the many
parallels between them, cancer metastasis. A wide variety of factors are known to influence
their migratory capabilities, including canonical polarity proteins such as Par-6, Bazooka
(Pinheiro and Montell, 2004) and Par-1 (McDonald et al., 2008), E-cadherin (Cai et al., 2014),
and the insulin signalling pathway (Ghiglione et al., 2018; Sharma et al., 2018).
Whilst undertaking a clonal analysis of the candidates affecting axis formation, it was noticed
that several mutants exhibited defective border cell migration when clones were induced at
the anterior of the follicular epithelium. Anterior clones of Tret1-1/Tret1-2 double mutants
were unable to delaminate from the follicular epithelium even by stage 10B (Figure 3-13A),
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by which point the border cells should already be contacting the oocyte cortex. This
phenotype was also observed in anterior clones of the CG920511-1 allele (Figure 3-13B), where
a cluster of presumptive border cells was formed but remained contiguous with the rest of
the epithelial monolayer.
The process of detachment is poorly understood. However, separation from the epithelium
has been proposed to be driven by the border cell basolateral domain (McDonald et al., 2008),
and therefore it is possible that Tret1-1/Tret1-2 and CG9205 affect the distribution of polarity
proteins or the signalling required to initiate border cell migration. Mutants with delayed
migration, though, can affect a multitude of different processes. A more detailed
characterisation of these phenotypes would be required to narrow down which processes are
disrupted in these mutants. However, the migration of the border cells is not known to have
any impact on the formation of either body axis, and therefore a mechanistic investigation of
these phenotypes would fall beyond the scope of the present study.

A

B

Figure 3-13. Border cell migration defects in mutants for posterior-enriched genes. Mutant clones
for tretD (A) and CG920511-1 (B) both result in a failure for border cells to migrate when mutant clones
are induced at the anterior (white arrows). This is the case both when the entire border cell cluster is
mutant (A) or when the majority of the cluster is mutant (B). (A) shows only the anterior end of a stage
10A egg chamber. DNA is stained with DAPI (magenta). Clones are marked by loss of nlsRFP (cyan).
Scale bars are 25µm.
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3.2.8 Several genes were upregulated in both anterior and posterior follicle cells
More than being a curious observation, the finding that mutants in genes known to be
upregulated in posterior follicle cells also produced a border cell phenotype raised suspicions
about the expression patterns of these genes within the egg chamber. Posterior follicle cells
and border cells both share the same precursor cell fate by virtue of JAK/STAT signalling from
the polar cells (Grammont and Irvine, 2002; Xi et al., 2003), and it is only the receipt of the
Gurken signal at the posterior which breaks the symmetry in cell specification (GonzalezReyes et al., 1995; Roth et al., 1995). It is therefore possible that this common cell fate
trajectory continues to result in coordinated expression of genes in both termini even past
the point of symmetry breaking, or that genes which are upregulated at both anterior and
posterior remain upregulated even after the adoption of posterior follicle cell fate. Were this
the case, it would confound the results of this investigation by providing a shortlist of genes
upregulated both in posterior follicle cells and in terminal follicle cells, without any separation
of the two. To test whether any of the upregulated genes from the Pointed dataset were also
upregulated in border cells, protein trap lines which endogenously tag the gene locus with
GFP were examined to determine localisation.
GFP-tagged Tret1-1 did not show any enrichment at either end of the egg chamber during
early oogenesis. Though an analysis of stage 5-6 egg chambers did show a potential earlier
upregulation of Tret1-1 at the posterior than at the anterior (Figure 3-14A), by stage 9 a strong
signal on the cell periphery was visible in both posterior follicle cells and migrating border
cells (Figure 3-14B). An additional, albeit weaker, signal is also present in cells contacting the
oocyte anterior at later stages. The Tret1-1 terminal enrichment increases the likelihood that
Tret1-1 is upregulated as a direct consequence of polar cell signalling to the surrounding
follicle cells.
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Figure 3-14. Expression patterns of putative posterior-enriched genes. All protein trap signals are
coloured yellow. A protein trap insertion in Tret1-1 shows a posterior-specific expression at stage 6
(A), but is also enriched in border cells from stage 9 onwards (B). A Pyd protein trap (C) is terminally
enriched at earlier stages, but this anterior signal decreases at later stages at the onset of border cell
migration (D). Sidekick protein is also terminally enriched, though not exclusive to terminal follicle
cells (E). (D) A Nord GFP protein trap shows a posterior-specific expression at stages 5-7. Scale bars
are 20µm (A, C, E, F) or 25µm (B, D).

Analysis of the PydMI01205-GFSTF.1 protein trap line revealed a junctional and lateral enrichment
of Pyd protein in lateral follicle cells, in addition to a weaker apical signal. In stage 7 terminal
follicle cells the expression level was greater than in the main body (Figure 3-14C), and Pyd
also exhibited a more significant apical enrichment than in lateral follicle cells. Interestingly
the posterior enrichment of Pyd was maintained at later stages, but Pyd levels were reduced
in border cells and increased in in lateral follicle cells was also observed (Figure 3-14D). The
increased expression of Pyd at both poles of the egg chamber in earlier stages further
validates the hypothesis that the current transcriptomics data is not sufficient to distinguish
posterior-specific from terminally-upregulated genes.
The localisation of the immunoglobulin protein Sidekick was also examined. Sidekick
appeared to exhibit a junctional enrichment in follicle cells, but also appeared to extend
laterally, albeit at lower abundance. Sidekick also still appear to be expressed in lateral follicle
cells, though brighter fluorescent signal was often observed in cells at either pole of the egg
chamber, indicating a terminal follicle cell enrichment as opposed to any specific enrichment
in posterior follicle cells (Figure 3-14E).
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It should be noted that the protein trap for Nord does appear to be specific to posterior
terminal cells, lacking any significant anterior signal. This posterior signal is present at greater
levels at the posterior during stages 5-7 (Figure 3-14F) but is abolished by stage 9, indicating
a stage-specific expression. This study of Nord localisation reaffirms that the DamID method
is capable of identifying posterior-specific genes, as well as its ability to detect proteins which
are only enriched at specific developmental stages.
It is clear from this study of expression patterns that posterior-specific genes are effectively
pooled with terminally-enriched genes in the current analysis. This conclusion is further
strengthened by the list of border cell-upregulated genes determined by Wang et al. (2006),
as several genes from the present shortlist, including CG4998, are also listed as border cellenriched. Altogether, these data suggest that a shortlist of genes truly specific to posterior
follicle cells is yet to be determined.

3.2.9 Assaying the transcriptome of anterior follicle cells
Having established that Pointed-Gal4 also identifies genes upregulated in posterior follicle
cells by virtue of being specific to terminal cells, it became pertinent to examine the
transcriptional profile of the anterior terminally-derived follicle cell populations. Doing so
would allow for these shared genes to be removed from any further analysis, providing a
more-focused list of genes upregulated by virtue of Gurken signalling. Such a list could then
produce a much clearer portrait of how posterior follicle cells are different from their
neighbouring epithelial populations and hopefully provide insights into the nature of their
roles in axis formation.
To produce directly comparable datasets, Targeted DamID was again employed to allow for a
population-specific examination of transcriptional activity in anterior cells. This necessitated
the identification of a suitable Gal4 driver for the Dam constructs. However, searching the
literature for a Gal4 which drives only at the anterior identified only one line with such an
expression pattern (Manseau et al., 1997) which is no longer living. Furthermore, the locus
into which the Gal4 construct was inserted was never identified (personal correspondence),
making it impossible to recreate this line. All other Gal4 lines with anterior expression also
drove expression in other epithelial tissues in the egg chambers.
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To test several of these drivers for suitability, a UAS-mCD8-GFP construct was driven using
10xSTAT-Gal4 (Chen et al., 2019a), C135-Gal4 (Hrdlicka et al., 2002), and Slbo-Gal4 (Rørth et
al., 1998). When previously characterised, it was claimed that C135-Gal4 expressed in
posterior follicles from stage 9 onwards, and in the anterior follicle cell populations from stage
10 onwards. This expression pattern would be roughly analogous to that of other terminal
follicle cell drivers. However, whilst an enrichment at the posterior was observed, significant
expression was also seen in main body follicle cells contacting the oocyte (Figure 3-15B).
Additionally, no expression was observed in the border cell clusters of these egg chambers.
As a result of these findings, no subsequent experiments were undertaken using this Gal4
line. The 10xSTAT-Gal4 line drove expression in a number of somatic cells in the germarium,
as well as in anterior follicle cells beginning at stages 7-8. Though a posterior follicle cell signal
is also expressed at later stages, this signal is much less pronounced than in the border cells
or squamous follicle cells (Figure 3-15C). Unfortunately, flies containing this Gal4 construct
appeared incredibly sickly with very low fecundity, precluding the use of this line in any
further experiments.
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Figure 3-15. Expression patterns for potential terminal follicle cell Gal4s. (A) An example stage 10
egg chamber showing expression of mCD8-GFP (yellow) under the control of Slbo-Gal4. Expression is
visible in the border cell cluster, anterior centripetal cells, and posterior follicle cells. (B) C135-Gal4driven mCD8-GFP expresses in an enriched pattern at the posterior of the epithelium, but is also
present in squamous follicle cells and main body follicle cells. (C) 10xSTAT Gal4 expresses primarily in
border cells and stretch cells from stage 7 onwards, with very low expression visible in posterior follicle
cells (white arrow). DAPI was used to visualise DNA (magenta). Scale bars are 25µm.

As anticipated for Slbo-Gal4, a fluorescent signal was observed in the migrating border cells
and stretch cells from as early as stage 8. This signal intensified by stage 9, and by stage 10b
was present in both border cells and centripetal cells at the anterior of the oocyte (Figure 315A). Given stretch cells, centripetal cells and border cells are all terminally derived, this
localisation pattern was ideal for transcriptomic analysis. However, a further signal in the
posterior follicle cells was also seen from stage 8 onwards. Thus, were Slbo-Gal4 to be used
in these conditions, the transcriptome of the posterior follicle cells would also be determined
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again, nullifying any ability to separate anterior from posterior and rendering this analysis
moot.
To circumvent this issue, the developmental trajectories of different epithelial cell
populations in the egg chamber were taken advantage of. It has been shown previously that
impairing Gurken signalling to terminal cells results in the creation of anterior follicle cells –
border cells, stretch cells and centripetal cells - at the posterior of the egg chamber (GonzalezReyes et al., 1995). These duplicated cell niches undergo the same morphogenetic changes
as their anteriorly-positioned counterparts, and express the concomitant markers expected
from the adoption of mature cell fate (Gonzalez-Reyes and St Johnston, 1998). If the SlboGal4 driver were used to drive the Targeted DamID constructs in a gurken mutant
background, it is likely that the border cells and centripetal cells at the anterior would be
unaffected, but that posterior follicle cells would not be created and would instead revert to
an anterior cell fate. Thus, any posterior expression through Slbo-Gal4 would assay these
duplicated anterior cells as opposed to posterior follicle cells, and allow for the determination
of only anterior or anterior-like cells as a result.
To prepare the requisite flies for Targeted DamID analysis, the slbo-Gal4 driver was
recombined with tub-Gal80ts to allow for restricted expression. Transheterozygous females
possessing both the recombined Gal4-Gal80ts chromosome, and the pertinent UAS
constructs, were then dissected and tissues processed as before. Wild type flies were also
collected and dissected in parallel, to allow for a more thorough assessment of border cell
transcriptional identity. These analyses are ongoing, and the results will be used to inform
future experiments focusing on posterior follicle cells.

3.3 Discussion
Signalling from the posterior follicle cells to the oocyte is a crucial step in the formation of
both body axes in the Drosophila egg chamber. In its absence oocyte polarity cannot be
established, resulting in the mislocalisation of osk, bcd, and nanos mRNAs and the pole plasm.
The retention of the nucleus also results in defective follicle cell fate establishment due to the
resultant mislocalisation of Gurken. Despite the many processes that rely on these signals to
function effectively, the nature of these signals remains elusive. Undertaking a
transcriptomics-based approach to better characterise the unique nature of the posterior
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follicle cells has helped to shed light on potential mechanisms employed to induce these
changes to the germline, but have yet to answer these questions with any degree of
conclusiveness.
The finding that actin-regulating genes are enriched in posterior follicle cells is a particularly
interesting observation. An increasing array of studies have implicated tension and
mechanical forces in the formation of cell polarity and in more general cellular morphology.
These include the finding that tension at the leading edge of neutrophils applies constraints
to cell signalling to maintain cell polarity (Houk et al., 2012), and that this tension modulates
the actin cytoskeleton via control of cell signalling pathways (Diz-Muñoz et al., 2016).
Additionally, the myosin phosphatase Flapwing is one of the few genes to give a polarity
phenotype when ablated in posterior follicle cells independent of cell fate defects (Sun et al.,
2011a). It is therefore possible that global changes in the actin cytoskeleton of posterior
follicle cells results in different levels of mechanical strain at the terminus of the egg chamber,
eliciting a rearrangement of cell polarity in the oocyte as a response to said changes.
However, it is also entirely possible that this enrichment will be determined to be the result
of a terminal cell transcriptional programme as opposed to a specific quality of posterior
follicle cells, given border cells undergo gross morphological changes and collective migration
which may be reliant on components of the actin cytoskeleton. A more rigorous GO term
analysis of both existing and upcoming datasets should shed greater light on potential
pathways to oocyte polarity establishment.
If it is found to be the case that there are significant numbers of genes that are upregulated
in both posterior follicle cells and border cells, then it will raise the question of why posterior
follicle cells undergo neither the morphological remodelling required for border cell function,
nor an attempted migration in the egg chamber. It is possible that other factors are expressed
upon the adoption of a posterior identity which preclude the committing to border cell fate.
The patterning of the follicle cell population through such antagonism has precedent, given
posterior follicle cells are already known to express Midline and H15 to block their own
competence to receive the second Gurken signal sent to establish dorsal anterior cells
(Fregoso Lomas et al., 2013). One potential route for blockage of border cell fate adoption
could be the inhibition of insulin signalling in posterior follicle cells via their expression of the
antagonist Sdr (Okamoto et al., 2013), given the role of the insulin pathway in border cell
migration (Ghiglione et al., 2018; Sharma et al., 2018). Such possibilities merit further
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investigation once a shorter list of posterior follicle cell-specific genes more amenable to indepth study has been established.
Another untapped resource provided by these data is the list of genes which show higher
transcription levels in the Mirror-Gal4 samples, as these genes could either be upregulated in
lateral follicle cells or downregulated in posterior follicle cells. It therefore remains a
possibility that it is not the expression of a gene which results in signalling to the oocyte to
establish the body axes, but the downregulation of an otherwise-transcribed gene. Poulton
and Deng (2006) claimed that the extracellular matrix protein Dystroglycan was specifically
repressed in posterior follicle cells as a result of EGFR signalling, lending credence to the
possibility that downregulation could play vital roles in axis formation. Though the question
of why this downregulation of Dystroglycan has not been observed in the present datasets is
an open one – perhaps explained by the difference between transcriptional and posttranscriptional regulation contributing to levels of protein – it would be interesting to perform
an RNAi screen of downregulated genes using either Mirror-Gal4 or a driver for the entire
follicle epithelium. If gene depletion in follicle cells resulted in a recruitment of Par-1 to the
contacting oocyte cortex, then knockdown of these genes should result in a mislocalisation of
Par-1 across the entire lateral and posterior cortex.
One question which remains unanswered is why the RNAi screen produced polarity
phenotypes which could not be recapitulated using CRISPR mutants or null alleles. It is well
known that RNAi can result in silencing of genes other than the intended target due to
hybridisation of RNAi oligonucleotides to similar sequences. This produces false positives
which can confound the interpretation of RNAi-based datasets (Ma et al., 2006; Zhou et al.,
2014). It is therefore possible that a number of the observed phenotypes were therefore
induced in part or in whole by off-target effects of the RNAi lines. However, it seems unlikely
that this would be the case for every line which was used.
Curiously, this is not the first time that discrepancies between RNAi phenotypes and CRISPR
null alleles have been identified in posterior follicle cells. Wittes and Schüpbach (2019)
previously performed an RNAi screen for genes identified through microarray data, finding
that oocyte polarity was disrupted when Semaphorin-1b was depleted in posterior follicle
cells. They were unable to confirm this phenotype when using a CRISPR-derived null allele,
however. Though it could be the case that their initial RNAi phenotype was itself an off-target
effect, the parallels between these two investigations are noteworthy. It is possible that the
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high expression level of the short RNAs effectively sequesters RISC complex components. If
proteins such as Argonaute or Dicer played an as-yet unidentified role in signalling to the
oocyte, this could create a sensitised background and identify proteins which are nonessential in a wild type cell. Testing mutants in the RNAi machinery for potential defects in
axis formation would confirm or discount this hypothesis.
Another explanation for these phenotypic disparities is that functional redundancy provides
a robustness against null mutations which is bypassed by the use of RNAi. Since Kok et al.
(2015) showed that up to 80% of published Zebrafish embryonic phenotypes using
Morpholino gene knockdown could not be recapitulated using CRISPR-derived null mutants,
increasing attention has been paid to questions of genetic compensation. Rossi et al. (2015)
demonstrated that knockdown of an extracellular matrix gene in Zebrafish through either
Morpholino treatment or CRISPR interference produced gross vascular defects, whereas a
molecular null mutation was phenotypically wild type due to the upregulation of related
extracellular matrix proteins. Furthermore, Dooley et al. (2019) showed that knockout of the
transcription factor tfap2a in the Zebrafish neural crest was counterbalanced by increased
expression of tfap2c, though the mechanism underlying this phenomenon was not examined.
These phenotypic inconsistencies are not limited to Zebrafish. Mice treated with an siRNA to
silence the enzyme Ppara exhibited more severe phenotypes than their genetically null
counterparts (De Souza et al., 2006), with similar results having been found in Arabidopsis
(Gao et al., 2015).
The mechanistic basis for this seeming paradox has only recently begun to be elucidated. A
parallel study in mice and zebrafish demonstrated that only mutations resulting in mRNA
decay produced the upregulation of paralogous or functionally compensatory genes (ElBrolosy et al., 2019). This finding was broadly consistent with that of Ma et al. (2019), who
showed that nonsense-mediated decay of mRNA containing a premature stop codon resulted
in transcription-associated histone methylation at the loci of genes with sequence similarity
to the mutant transcript. Though this mechanism has not yet been identified in Drosophila,
the requisite nonsense-mediated decay machinery is known to be conserved and functional
(Gatfield et al., 2003). It is eminently possible that this mechanism, or one with a similar end
result, is at play in some of the CRISPR mutants created in this study resulting in a rescue of
oocyte polarity establishment. Were this to be the case, it would explain the marked
evasiveness of the polarising signal sent from posterior follicle cells, as forward genetics
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would be less likely to identify the gene unless a strong hypomorph which did not trigger
compensatory pathways were produced. It would be worth testing this hypothesis by making
mutant combinations for genes with high similarity to see whether this results in the expected
phenotype, or by quantifying the expression levels of related genes in homozygous mutants.
Drosophila melanogaster possesses only one other predicted selectin orthologue beyond
CG9095, and thus would be an easy experiment to undertake. Alternatively, given that Upf3
mutants are viable in Drosophila (Avery et al., 2011), the various null mutants utilised for this
study could be re-examined in a Upf3-null background in which this putative compensation
mechanism is compromised.
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A Forward Genetic Screen to Identify Novel Genes Affecting
Polarity and mRNA Localisation in the Drosophila Oocyte

4.1 Introduction
The formation of both body axes in the Drosophila egg chamber relies on extensive crosstalk
between the germline and the surrounding follicle epithelium. In order to fully understand
the processes through which anterior-posterior and dorsal-ventral are defined, it is important
that both major tissues of the developing egg be studied for their contributions to this
process. Though the necessity for oocyte polarity establishment and oocyte nuclear
repositioning is well-established, the mechanisms through which these processes are effected
in the germline in response to somatic signalling remain poorly characterised.
For the anteroposterior axis, the most upstream event implicated in its formation thus far is
the di-phosphorylation of the myosin regulatory light chain Spaghetti Squash at the oocyte
posterior, which is required for the recruitment of Par-1 (H. Doerflinger, unpublished).
However, the signalling pathway or pathways which lead to this phosphorylation are
unknown, as is the method through which these putative pathways are activated following
receipt of the signal from posterior follicle cells.
Forward genetic screens have proven invaluable in the identification of genes required during
many stages of development. The seminal screen of Nüsslein-Volhard and Wieschaus (1980)
identified many of the genes required for embryonic segmentation, acting as a proof of
concept that a specific process could be readily analysed through a mutagenic approach. This
work was quickly followed by subsequent screens which attempted to identify maternallyrequired genes by screening for maternal effect lethality and homozygous sterility (NüssleinVolhard et al., 1987; Schüpbach and Wieschaus, 1986).
However, whilst these screens were successful in identifying many factors affecting processes
downstream of axis formation, there were several limitations, which were not overcome until
later genetic techniques were developed. The first is that these screens were unable to
identify genes for which mutants are lethal. Given many genes, especially those with wellconserved functions, play multiple roles in different tissues, many genes which could play a

role in these processes would also be necessary for the survival of the adult fly, and thus
would be missed in such a screen. Secondly, by examining defects in the embryonic cuticle,
any genes that resulted in a stall of oogenesis prior to cuticle formation would also not be
identified.
To circumvent the issue of homozygous lethality, the FLP-dominant female sterile system
(Chou and Perrimon, 1996) has been used to examine homozygous mutant germline clones
in an otherwise heterozygous adult female background. This approach was pioneered by
Perrimon et al. (1996), where it was used to induce clones with zygotic lethal P-elementinduced mutations to identify novel eggshell and cuticle phenotypes. However, it was not
until the work of Martin et al. (2003) that this approach was applied to EMS mutagenesis
screens. This work led to the identity of a multitude of polarity proteins, proteins required for
polarity establishment, and proteins required for the correct localisation of mRNAs through
the analysis of GFP-Staufen localisation in germline clones of stage 9 egg chambers. This
approach has since been undertaken by Gervais et al. (2008), whilst Luschnig et al. (2004)
utilised a clonal analysis reliant on the loss of GFP to perform a germline clone screen for axis
formation and patterning mutants in the embryo.
Whilst the work of such screens in tandem with other approaches to identify pertinent factors
has led to a strong characterisation of the process of osk mRNA localisation, the localisation
and anchorage of bcd mRNA is less well-characterised, due in part to the fact that Staufen
only associates with bcd mRNA at the later stages of oogenesis. Using bcd mRNA as a marker
in a germline clone screen, the process of its localisation could be better characterised, and
the combinatorial analysis of mutants in which both bcd and osk mRNAs are mislocalised
could provide a clearer indication of the process the phenotype is affecting.
A screen undertaken by two former PhD students in the St Johnston lab, Tongtong Zhao and
Ross Nieuwberg, attempted to assay the localisations of both the osk particle and bcd mRNA
in the same egg chamber. GFP-Staufen was used as a proxy of osk mRNA and late-stage bcd
mRNA localisation as previously. The analysis of bcd mRNA at both early and late stages was
accomplished by the addition of multiple 19bp MS2 RNA loops to bcd 3’-UTR mRNA,
coexpressed with the MS2-binding Major Coat Protein fused to the Tomato fluorescent
protein, resulting in the direct fluorescent tagging of mRNA (Bertrand et al., 1998).
Unfortunately, they were unable to do so effectively due to the random silencing of the
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fluorescent transgenes in germline clones. Based on their recommendations for avoiding this
silencing, another attempt at this screen was undertaken.

4.2 Results

4.2.1 Setup for the forward genetic screen
Previous screens performed in the lab and by other groups have focussed on chromosome
arms 2R, 2L, and 3R. The previous attempt to screen chromosome 3L by Ross and Tongtong
was unsuccessful, meaning it has not yet been properly screened for factors affecting
germline RNA localisation and axis formation. For this reason, the present screen focussed on
3L to maximise the likelihood of identifying novel regulators of this process.
To induce germline mutant clones, a starting stock containing an FRT site was mutagenised
to produce random SNPs and indels across the genome. The base-substituting mutagen ethyl
methanesulphonate (EMS) was chosen for this mutagenesis, as the use of chemical mutagens
helps to avoid potential bias and allows for targeting of all gene loci on a chromosome.
Germline clones are then induced for these mutant chromosome arms using the FRT ovoD1
system (Chou and Perrimon, 1996). This ensures that the only egg chambers which are
examined are homozygous for the mutant chromosome, due to the death of egg chambers
which are homozygous for the ovoD1 chromosome, or heterozygous due to a lack of
recombination. It has previously been estimated that the screening of 5000 mutant lines
would be required to reach saturation of potential loci (Nüsslein-Volhard et al., 1984). Though
it is now known this number is not accurate (Wieschaus and Nüsslein-Volhard, 2016), it has
been used here as a threshold for large-scale screening to ensure saturation. This
necessitated the creation of healthy, fecund starter fly strains.
To this end the FRT chromosome used, FRT2A, was isogenised prior to any further stock
establishment. Isogenisation improves the health of the stock by crossing out accumulated
background mutations, limits the possibility of genetic interaction between new mutations
and existing background polymorphisms, and ensures that variance in this background is not
errantly called as a new mutation during analysis of sequencing. The creation of
unmutagenised clones with this isogenic chromosome arm did not result in any noticeable

102

defects in axis formation, and the stock was homozygous viable, fertile, and fecund, providing
a measure of confidence that these flies were suitable for use in the screen.
An important consideration for the design of a forward genetic screen is the choice of marker.
Whilst the use of a combination of GFP-Staufen and the bcd-MS2 MCP-tdTomato system
theoretically allows for the identification of mutants affecting both osk and bcd mRNAs at all
stages, the problems encountered during previous attempts to screen chromosome 3L
necessitate a different strategy. Analysis of multiple factors which could potentially have
resulted in silencing of the marker transgenes suggested that the number of transgenes
played a role in variable expression. Given this previous screen attempt integrated these
transgenes separately onto the genome using a P-element transposase-mediated insertion,
it was possible that both the high number of transgenes, and the method of insertion – which
could trigger transposon-protective silencing mechanisms – resulted in a combinatorial
transgene suppression. To account for both possibilities, a new marker transgene was cloned
by Nick Lowe, containing the GFP-Staufen transgene expressed under a maternal tubulin
promoter, bcd 3’UTR mRNA with 10 MS2 stem loops also expressed under the maternal
tubulin promoter, and the MCP-tdTomato required to bind the bcd-MS2 mRNA expressed
under the oskar promoter. These components were all integrated into a backbone containing
an attB sequence for fC31 integration. This construct was then integrated into the attP ZH2A site on the X chromosome, which was created through the use of mariner repeats as
opposed to standard P-elements (Bischof et al., 2007), and is therefore less likely to be
affected by any potential silencing mechanisms.
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Figure 4-1. Expression of an attP-integrated screening construct. (A) A fixed stage 7 egg chamber shows an
anterior distribution of the bcd-MS2-tdTomato fluorescent system (cyan) as expected, whilst GFP-Staufen is
diffuse in the centre of the oocyte. (B) At stage 9, GFP-Staufen is correctly localised to the posterior of the oocyte
in fixed egg chambers, whilst bcd-MS2 mRNA is present in a ring at the anterior cortex. (C) A fixed egg chamber
at the transition from stage 10A to stage 10B. GFP-Staufen remains at the posterior, and begins to accumulate
to a greater extent at the anterior after this stage (not shown), and bcd-MS2 mRNA spreads across the anterior
cortex. (D) A live-imaged stage 9 egg chamber from the starting stock, showing that expression of these two
fluorescent transgenes is sufficient to determine their localisation. Scale bar is 25µm.

This transgene was inserted successfully, producing a homozygous viable and fertile stock,
indicating that expression of both fluorescent markers did not disrupt the process of
oogenesis. This construct was then recombined with a hsFLP to allow for clone induction. The
expression and localisation of the transgene were then examined to confirm that its
fluorescent intensity would be sufficient for screening, and that these constructs accurately
recapitulated wild type localisation patterns throughout oogenesis. As expected, at stage 7
GFP-Staufen was largely diffuse in the centre of the oocyte, but localised in a strong crescent
at the posterior cortex from stage 9 onwards (Figure 4-1B). Additionally, GFP-Staufen also
localised to the anterior at later stages, colocalising with the signal from bcd-MS2 mRNA,
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reflecting its association with bcd mRNA at later stages (Figure 4-1C). The bcd-MS2 mRNA
localised in an anterior ring by stage 8, and was also observed in a disc-like localisation at the
anterior during late oogenesis. These patterns suggested that fluorescent markers localised
in accordance with their wild type counterparts, and could therefore be used to detect
mislocalisation. Furthermore, these transgenes were also bright enough to detect in live
imaging, as seen in (Figure 4-1D)
The initial crossing scheme used for this screen is depicted in Figure 4-2. In short, isogenic
FRT2A males were mutagenised using EMS and crossed to PrDr/TM3 balancer females. Each
sperm cell is mutagenized randomly, meaning that F1 females carry balanced, unique mutant
chromosomes. These flies were then crossed to a male carrying the fluorescent marker
construct, along with the ovoD1 FRT2A chromosome, and crosses heat shocked as larvae to
induce germline clones. If a phenotype was observed, male siblings were collected and used
to set up a balanced stock, with the marker chromosome on the X chromosome for further
analysis during the secondary screen.

Figure 4-2. The first crossing scheme for the forward mutagenesis screen. FRT2A males were mutagenized using
25mM EMS, and crossed to third chromosome balancer females to create balanced females carrying unique
mutant chromosomes (denoted with an asterisk). These females were crossed to ovoD1 males carrying the
fluorescent transgene, and the resulting progeny heat shocked as larvae to induce mutant clones (represented
by the red cross). Females with both the mutant and ovoD1 chromosomes were dissected to identify potential
phenotypes, and their male siblings used to set up stable stocks for further analysis.
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A pilot screen was undertaken using this first scheme. However, whilst the bcd-MS2 was
readily visible in germline clones, the GFP-Staufen signal was sometimes difficult to
distinguish from the surrounding yolk autofluorescence at later stages (Figure 4-4C). This was
seemingly due to a variable expression in the screening generation, as a weaker GFP-Staufen
signal was not observed in the initial marker stock (Figure 4-4B), and not all egg chambers
suffered from weak expression (Figure 4-4A). To circumvent this issue, a second crossing
scheme was designed in which the initial FRT stock and the balancer they are crossed to both
carried a separate GFP-Staufen transgene and hsFLP, as used in the 3R screen by Martin et al.
(2003). This crossing scheme results in the dissection of females expressing both the bcd-MS2
mRNA and GFP-Staufen from the construct integrated during the present study, as well as an
additional GFP-Staufen (Figure 4-3). This combination of transgenes successfully bolstered
the expression of GFP-Staufen in germline clones, allowing for screening to progress (Figure
4-4D).

Figure 4-3. The second crossing scheme for the forward mutagenesis screen. This version is much the same as
that depicted in Figure 4-2, with the exception of a GFP-Staufen, hsFLP chromosome (denoted 1A39) being
introduced to the FRT2A line and its respective balancer line, such that females of the screening generation
possess both the dual screening construct and GFP-Staufen. BS represents the bcd-MS2/MCP-tdTomato, GFPStaufen screening transgene.
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Figure 4-4. Minor variability in GFP-Staufen expression in screened egg chambers of the first crossing scheme.
(A) A stage 9 egg chamber expressing GFP-Staufen (green) and tdTomato-tagged bcd-MS2 mRNA (cyan) in the
starting stock. The expression of this GFP-Staufen is robust compared to background autofluorescence. This is
also the case in some egg chambers dissected for phenotypic analysis (B), but some show a lower expression
level in which this fluorescent construct is less distinguishable from background (C). (D) A stage 9 egg chamber
dissected from a screening generation female of crossing scheme two, showing sufficient expression levels for
the analysis of both bcd mRNA and GFP-Staufen. All scale bars are 25µm.

4.2.2 Summary of the screen
Flies were initially crossed in 18-well blocks to minimise space and handling from setting up
large numbers of crosses. However, towards the latter end of the screen a transition was
made to food vials. In all, 5864 crosses were set up with each mutant female crossed to 2-3
ovoD1 males. Many of these crosses fail either due to the death or sterility of the mutant
female, or due to the lack of flies of the correct genotype in the screening generation. This
latter factor was often exacerbated in vials containing females with decreased fecundity, as
the heat shock regime undertaken to induce germline clones would result in the desiccation
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of fly food in tubes that had not yet liquefied after larval consumption. After these failed
crosses were discounted, 3672 lines remained. Up to 3 females from each line were dissected
to maximise the number of egg chambers that could be examined, and to reduce the
likelihood that a lack of late-stage egg chambers in any particular line was the result of failure
to induce clones. Of these lines, 822 did not produce egg chambers of sufficiently mature
stages to determine whether GFP-Staufen or bcd-MS2 mRNA were mislocalised, due to
presumptive cell lethality of these mutant chromosome arms. Of the lines for which mid-late
stage egg chambers could be examined, 2769 did not exhibit any visible defects in the
localisation of fluorescent transgenes, oocyte nuclear localisation, or egg chamber
morphology, and were therefore deemed wild type. In contrast, 81 lines displayed some
potential phenotype in this primary screen, and stable stocks set up. Many of these stocks
were unable to be established due to the death or infertility of sibling males, or due to the
lack of flies of the correct genotype. As a result, approximately 33 mutant stocks were
recovered.
Table 4-1. A summary of the germline clone screen undertaken on chromosome 3L.

Crosses established

5864

Crosses failed

2192

Lines screened

3672

Cell lethal

822

Wild type

2769

Mutant phenotype

81

Mutant lines established

33
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Figure 4-5. Representative mutant phenotypes from the primary screen. Live images of observed mutant egg
chambers. These include a number of different transgene mislocalisation phenotypes. (A) In P3-4-13 mutant egg
chambers GFP-Staufen did not localise to the posterior, whilst bcd mRNA is present at both anterior and
posterior. Mutants which affect only GFP-Staufen localisation include its incomplete posterior localisation (B)
and its diffusion throughout the cytoplasm (C). Mutants which affected only bcd mRNA included a lack of late
stage anterior localisation (D) and the formation of a premature disc-like structure at stage 9 (E). Other mutants
independent of mRNA localisation included the formation of fused egg chambers (F). All scale bars are 25µm.
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This screen was successful in isolating a number of transgene mislocalisation phenotypes,
examples of which can be seen in Figure 4-5. Phenotypes which result in a diffuse localisation
of GFP-Staufen or the osk mRNA complex are often implicated in the transport of this particle
along the microtubule cytoskeleton. This is in contrast to the phenotype exemplified by N12-10 (Figure 4-5B), wherein there is a failure to form a tight crescent at the posterior cortex.
The fusion of egg chambers seen in N2-9-6, and the subsequent localisation of two oocytes
to each egg chamber terminus, is a common hallmark of phenotypes disrupting Notch
signalling, due to the aberrant differentiation of stalk cells (López-schier and St Johnston,
2001). As this phenotype occurs in germline clones, it is possible that it arises due to a defect
in Delta signalling to the follicle cells. Though not shown, several mutants were also identified
in which there were 32 germ cell nuclei per egg chamber as opposed to 16 in wild type. This
phenotype is associated with an extra round of mitotic divisions in the cystoblast (Mata et al.,
2000; Matias et al., 2015). Several mutants also exhibited multilayering of the follicle
epithelium, though this was not investigated further.
Though the diffuse localisation of GFP-Staufen in the P3-4-13 mutant egg chamber shown in
Figure 4-5A is often the result of a disruption of osk mRNA transport, the bcd mRNA
mislocalisation at the posterior is a more specific phenotype linked to a failure of clearance
during axis formation. This phenotype has been observed in several mutants affecting this
process, and it is therefore possible that P3-4-13 represents an oocyte polarity mutant in
which the anterior-posterior axis fails to specify (Gonzalez-Reyes et al., 1995; Roth et al.,
1995). The primary purpose for undertaking this forward genetic screen was the identification
of novel candidates affecting axis formation. Whilst phenotypes affecting the localisation of
specific mRNAs were interesting and merit further investigation to determine their underlying
mutations the P3-4-13 mutant chromosome, hereinafter referred to as 3-4-13, was carried
forward for further analysis due to this strong, direct axis formation defect.

110

4.2.3 Characterisation of the 3-4-13 phenotype

The 3-4-13 mutant was selected in the primary screen due to its penetrant GFP-Staufen and
bcd mRNA mislocalisation phenotype. Both of these markers were examined in greater detail.
In 51% of germline clones examined (n=43), GFP-Staufen was mislocalised as a central
aggregate within the oocyte (Figure 4-6A), and less commonly appeared diffuse throughout
the cytoplasm (39%). The bcd-MS2 construct exhibited a less penetrant mislocalisation
phenotype, with 63% (n=36) of egg chambers possessing a wild type localisation, whilst 21%
of egg chambers possessed bcd mRNA at both the anterior and posterior (Figure 4-6B), and
11% of egg chambers possessed a more diffuse anterior localisation.
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Figure 4-6. Characterisation of the GFP-Staufen and bcd mRNA mislocalisation phenotypes of 3-4-13. (A) A
stage 9 germline clone of 3-4-13 with centrally-localised GFP-Staufen in the oocyte. (B) A stage 9 egg chamber
with mislocalisation of bcd mRNA to both the anterior and posterior poles as highlighted by the white arrows.
(C-D) Quantification of GFP-Staufen and bcd mRNA mislocalisation phenotypes. Magenta is DAPI in all pictures,
green is GFP-Staufen, and cyan is bcd-MS2 mRNA bound to tdTomato. Scale bars are 25µm.
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The localisation of bcd mRNA to both poles is more specifically associated with a subset of
polarity phenotypes brought about due to a failure to receive or potentiate the polarising
signal from the posterior follicle. To test whether polarity was established in this mutant, the
Par-1 protein trap (Lighthouse et al., 2008) was examined in germline mutant clones. In
contrast to its enrichment at the posterior cortex in wild type oocytes (Figure 4-7A), in all 34-13 mutant egg chambers examined Par-1 was absent from the posterior (Figure 4-7B). This
lack of Par-1 recruitment potentially placed the gene responsible for the 3-4-13 phenotype
upstream of the formation of polarised cortical domains in the oocyte, though the number of
mutant egg chambers examined was lower than hoped due to a much smaller number of
germline clones being present in nls-RFP ovaries. In the germline clones examined, the
posterior follicle cells were also mutant, and thus the possibility that the Par-1 recruitment
phenotype was as a result of these somatic mutant cells could not be discounted. However,
Par-1-GFP still localised in wild-type germlines where posterior follicle cells were mutant
mosaics (Figure 4-7C). Therefore, it can be concluded that the 3-4-13 phenotype does not play
a follicle cell-autonomous role in the recruitment of Par-1-GFP at the underlying oocyte
cortex. Given Frydman and Spradling (2001) previously showed that dlar mutants in the
posterior follicle cells produced near-cell-autonomous oocyte polarity defects, this finding
lent credence to the 3-4-13 phenotype originating from the germline.
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Figure 4-7. Par-1 mislocalisation in germline clones of 3-4-13. (A) A stage 9 egg chamber expressing the Par-1GFP protein trap (green), with its wild type nature marked with nls-RFP (cyan). (B) A germline clone of 3-4-13
shows a loss of posterior Par-1. (C) Posterior follicle cell clones of 3-4-13 do not result in a concordant loss of
Par-1-GFP at the oocyte posterior. White arrows mark the posterior pole. DAPI is magenta, and scale bars are
25µm.

4.2.4 Next-generation sequencing of the 3-4-13 chromosome
Having established that the 3-4-13 mutant chromosome merited further examination, it
became pertinent to identify the causative mutation of this polarity phenotype. As 3-4-13 was
not part of a complementation group, it was first necessary to produce a list of potential
candidates. To do so, genomic DNA was extracted from 3-4-13 mutant flies, and prepared for
whole-genome sequencing. The results from this sequencing could then be aligned to the
reference genome to produce a list of SNPs, small insertions, and deletions unique to this
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mutant stock. The unmutagenised FRT2A chromosome used as the starting stock for EMS
treatment was sequenced in tandem, providing a list of background mutations that could
then be removed from the variants called between the 3-4-13 chromosome and the reference
genome. Given the 3-4-13 chromosome is homozygous lethal, it was not possible to sequence
homozygotes. Thus, both mutant and unmutagenised flies were crossed to the same TM6B
balancer, so that any polymorphisms introduced to the variant list by virtue of the balancer
chromosome would also be removed. Samples were sequenced by the Gurdon Institute inhouse sequencing service (Kay Harnish) and variant calling performed by Charles Bradshaw.
A commonly-used metric for quality of next-generation sequencing data is genomic coverage,
which refers to the average number of reads predicting a base with confidence at a specific
reference point (Sims et al., 2014). For Drosophila species, a depth of coverage of 29x has
been considered sufficient to produce an accurate genome assembly (Miller et al., 2018). For
the unmutagenised FRT2A chromosome the average coverage across the entire genome was
89.1x, and the coverage for the 3-4-13 chromosome was 85.5x. These indicated that the
results could be used to identify SNPs, indels and small structural variants between these two
chromosomes and the reference genome with a high degree of confidence.
During this bioinformatic analysis, variants which fell within a gene locus were categorised
based on their likely severity. The 3-4-13 chromosome contained three high-impact variants,
which seemed the strongest candidates to examine first. One such SNP was an A-T
substitution in the stop codon of the uncharacterised lipase CG10163, resulting in its
conversion to a leucine residue. However, a continuation of the reading frame showed
another stop two codons downstream, meaning the mutation is only a gain of two residues.
Such an alteration to the coding sequence is unlikely to have a significant impact on protein
function. The second variant was a G-A substitution resulting in the loss of a start codon in
the methionine salvage pathway component Acireductone dioxygenase 1 (Adi1). However, a
second methionine at residue 7 could conceivably act as an alternative start site. The most
promising candidate was a G-A substitution resulting in a conversion of Q229 to a premature
stop codon in FSHD region gene 1 (FRG1), shown in Figure 4-8A.
FRG1 is a small gene locus, with a size of less than 1.2kb, comprised of five exons and four
introns. The resulting protein is also small, at only 262 amino acids in length, meaning this
premature stop codon falls towards the end of the coding region and would result in a
truncation of only 33 residues. However, a sequence analysis undertaken by Jones et al.
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(2016) identified two nuclear localisation signals in the protein, one of which falls at the Cterminus and would be lost in 3-4-13 mutants. This could potentially alter the localisation of
the protein and result in aberrant function.

4.2.5 CRISPR mutagenesis of FRG1
FRG1 is a highly conserved protein, with orthologues in higher organisms characterised by
dual functions in RNA binding and actin bundling via a fascin-like domain. In X. laevis,
morpholino knockdown resulted in gross morphological disruption of muscles during
development (Hanel et al., 2009), consistent with its implication in facioscapulohumeral
muscular dystrophy (Gabellini et al., 2006). Colocalisation of FRG1 with the actin cytoskeleton
has been observed in X. laevis (Sun et al., 2011b) and C. elegans (Liu et al., 2010), making
FRG1 an interesting candidate for further study given localised activation of myosin at the
posterior is required to polarise the oocyte (H. Doerflinger, unpublished). No gross changes
in the actin cytoskeleton have been observed during oocyte polarisation in Drosophila, in
contrast to the C. elegans zygote (St Johnston and Ahringer, 2010), though it remains possible
that more fine-scale changes – such as localised bundling of actin – could still play a role in
polarisation. However, no other null or hypomorphic alleles of FRG1 have been identified or
published, nor had any of the large-scale genomic disruption projects identified any Pelement insertion lines. This meant it was not possible to validate a role for FRG1 in oocyte
polarity through complementation. To confirm whether this premature stop codon was
indeed responsible for the observed phenotype, mutagenesis of FRG1 was undertaken using
CRISPR.
Two guide RNAs were designed for FRG1. The first gRNA targeted the N-terminal end of the
fascin-like domain, with the intention of producing a likely functional null allele. The second
cut site targeted Lys224, with the intention of creating mutations in a similar location to the
screen allele. However, the frg1 locus is present at cytogenic map region 77B1. Given the
FRT2A insertion is present at 80B1 and FRT80B at 80D1, they all fall within the same
recombination map unit and it was therefore very difficult to recombine any FRG1 allele with
FRT sites. To circumvent this issue, CRISPR was performed directly on an FRT2A chromosome
such that any null mutants produced in this method would already have an FRT site for clonal
analysis.
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This CRISPR yielded one allele, termed frg18-2. gRNA1 cut successfully, resulting in a 2bp
deletion at Lys76, whilst no cutting occurred at gRNA2. The resultant frameshift resulted in a
nonsense sequence through until a premature stop codon at position 113. As any protein
generated from such a mutant would lack the majority of the fascin-like domain, as well as
the C-terminal NLS, this mutant was most likely a strong hypomorph or a functional null allele.
However, flies of this genotype were homozygous viable and fertile, indicating that there
were likely no defects in oogenesis. Furthermore, transheterozygous females of frg18-2 and 34-13 were also viable and fertile, and germline clones of the frg18-2 chromosome exhibited a
wild type localisation of a GFP-Staufen construct, indicating that polarity was not disrupted in
the oocyte (Figure 4-8C). Whilst it is possible that the specific placement of the stop codon in
the 3-4-13 chromosome is what is required to induce a defect in oocyte polarity through the
creation of a specific hypomorphic or neomorphic allele, a more parsimonious conclusion was
that FRG1 was not responsible for the phenotype.
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frg18-2 germline clone
Figure 4-8. A CRISPR-derived frg1 mutant does not produce an oocyte polarity phenotype. (A) Next-generation
sequencing showed that the 3-4-13 mutant contains a premature stop codon in FRG1, as visualised using
Integrative Genomics Viewer. (B) An outline of the FRG1 protein, including the actin-bundling domain as
predicted by Interpro. The premature stop codon falls outside of this domain. (C) A mutant germline clone for
frg18-2 marked by the loss of nls-RFP (cyan) in the nurse cells still correctly localises GFP-Staufen (green). DAPI is
magenta, and scale bar is 25µm.
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4.2.6 Recombination mapping of 3-4-13 to CdsA
The finding that FRG1 does not play a role in the establishment or maintenance of oocyte
polarity, combined with the fact that other high-impact variants were unlikely to lead to
severe defects in the affected genes, suggested that the causative mutation was elsewhere
on the chromosome. The high number of moderate-impact SNPs and indels which could
feasibly be responsible meant that a method for shortening this list was necessary. To do so,
meiotic recombination mapping was undertaken, through which the pertinent mutation can
be narrowed to specific regions of the chromosome. As the mutagenesis screen was
performed by examining germline clones on an FRT2A chromosome, it was already
established that the mutation responsible for the phenotype was on chromosome arm 3L. A
mapping stock consisting of four recessive, readily identifiable markers spaced across 3L was
used. These markers were: roughoid (ru1), in which homozygous eyes are small and facets are
irregular; hairy (h1), homozygotes of which have extra hairs on the head and thorax; thread
(th1), in which homozygous aristae lack their side branches; scarlet (st1), which causes eyes of
in a w+ background to be vermillion in colour and exhibit a characteristic darkening with age.
Four additional markers on chromosome 3R were also mapped in case this affected lethality
of recombinants, but no such correlation was observed.
Flies of the 3-4-13 mutant were crossed to this mapping chromosome, and transheterozygous
F1 females crossed to a balancer. Recombination occurs in the germline of these females,
resulting in individual chromosomes possessing some or all of these markers depending on
whereabouts recombination has occurred between the two chromosomes. Stocks can then
be established from every balanced F2 fly, the markers for each of these unique
chromosomes scored, and the lethality of each stock determined. Given the mapping
chromosome does not possess an FRT2A site, only stocks in which recombination has
occurred distally to the FRT2A site present on 3-4-13 can be used to induce germline clones.
However, for stocks where this is possible, clones were examined for GFP-Staufen localisation
to determine whether they exhibited the mutant phenotype. The observation of GFP-Staufen
mislocalisation could then be correlated with the markers on these chromosomes to provide
an indication of whereabouts the mutation of interest lies in relation to these markers.
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Table 4-2. Overview of mitotic recombination mapping of the 3-4-13 mutant locus. Viability and lethality refer
to the capacity for the recombinant stock to produce homozygous adults.

Class

Viable

Lethal

ru h th st

7

2

++++

0

14

ru + + +

0

6

+ h th st

1

2

ru h + +

5

4

+ + th st

0

1

ru h th +

0

1

+ + + st

0

0

Of the 81 individual recombinant lines set up, 40 were fecund and healthy enough to be
established as stable stocks. 13 of these stocks were homozygous viable, whilst 27 of these
stocks were lethal when homozygous. 4 of the recombinants possessing the h marker but
lacking th, indicating a recombination with the mutant chromosome between these two loci,
were homozygous lethal, whilst another 5 were homozygous viable. This indicated that a
mutation present within this marker region – most likely towards the middle of the region if
recombinations are assumed to occur with equal probability across the segment - was
responsible for the lethality of the 3-4-13 chromosome. However, none of these recombinant
lines recapitulated the GFP-Staufen mislocalisation phenotype when germline clones were
induced. This suggested that the lethal mutation between h and th was not the causative
mutation being sought, and that the alteration would be distal to both of these markers.
In contrast, all 6 of the recombinants possessing only the ru marker, indicating a
recombination between the two most distal of the markers, were homozygous lethal. This, in
itself, is not surprising given these recombinant chromosomes would still possess the
previously-mapped lethal mutation. However, 2 recombinants in which recombination
occurred distal to the marker chromosome’s h locus – containing only a small portion of the
mutant chromosome – were also homozygous lethal, which suggested a second lethal
mutation was present closer to the end of the 3-4-13 chromosome arm. All of the analysed
recombinants between ru and h also produced germline clones with mislocalised GFPStaufen. Given that recombinants occurring distal to h still gave a polarity phenotype in
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germline clones, whilst none of the recombinants between h and th did so, it was concluded
that the mutation of interest fell between ru and h. This finding further validated the previous
conclusion that the premature stop codon in frg1 was not responsible for the generation of
the 3-4-13 axis formation defect.
Having established that the mutation responsible for the polarity phenotype lay between ru
and h, PCR and sanger sequencing of individual recombinants between these two markers
was used to narrow the list further. 19 SNPs were shown to be dispensable for the production
of the mutant phenotype, discounting them from further analysis. The list of polymorphisms
was, through his method, narrowed to only one potential candidate, a G-A substitution in the
gene cdsa. This converts a GGC codon to AGC, resulting in the substitution of glycine276 with
serine.
Whilst the results of this recombination mapping strongly suggested that cdsa was the mutant
locus responsible for the 3-4-13 phenotype, it was important to validate this independently.
To this end the cdsa1508 mutant stock, created by Ghabrial et al. (2011), was sourced.
Sequencing of the cdsa locus confirmed this as a mutant, with cdsa1508 containing a stop
codon at position 83. This mutant was lethal in trans with 3-4-13 (n=56), with no resulting
transheterozygotes. This suggested that the 3-4-13 allele of cdsa disrupted the function of
the protein to the extent that it is not able to rescue the lethality of other mutants, lending
credence to this being the mutation responsible for the observed polarity phenotype.
Attempts to recapitulate the 3-4-13 phenotype using this allele were unsuccessful due to the
lack of late-stage clonal egg chambers when recombined with the ovoD1 chromosome. It is not
clear whether this is due to cell lethality, stalling of oogenesis, or failure of clonal induction.
The use of an nls-RFP marker chromosome would prove useful in future attempts to study
this allele, as it would allow for a differentiation of late-stage egg chamber death from ovoD1induced dominant sterility if recombination has not occurred.
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Figure 4-9. CdsA is a highly-conserved protein with a function in lipid metabolism. (A) CdsA is required for the
synthesis of CDP-DAG, the precursor to a number of phospholipid species, from phosphatidic acid. (B) The lesion
on the 3-4-13 chromosome, identified by next-generation sequencing, as depicted with Integrative Genomics
Viewer. (C) The CdsA protein consists of seven transmembrane helices, and no other predicted domains. The
glycine to serine substitution occurs in the sixth transmembrane domain. (C) The EMBOSS algorithm predicts
strong conversation between orthologues from many different species throughout evolution.

The cdsa locus is relatively small at 3.9kb in length, and produces two different transcripts.
These transcripts differ only by their start site and the length of their 5’-UTR, with both
transcripts containing 7 identical exons, which encode a protein comprised of 447 amino
acids. This protein is very highly conserved between species, with 55% of residues being
identical between Drosophila CdsA and its human orthologue CDS1 (Figure 4-9D). Drosophila
CdsA contains seven transmembrane domains as predicted by TMHelix (Krogh et al., 2001).
The G276S substitution falls at the very beginning of the fifth helix, and is a well-conserved
residue between species (Figure 4-10). Glycine is one of the most abundant residues in
transmembrane alpha-helices (Ulmschneider and Sansom, 2001), and is known to play a role
in helix-helix interactions in multi-pass transmembrane proteins

(Dong et al., 2012;

Javadpour et al., 1999). It is therefore conceivable that this mutation could disrupt the helical
packing and tertiary structure of the protein, resulting in a reduction or ablation of catalytic
function.
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Figure 4-10. Multiple sequence alignment of CdsA orthologues. Black-tiled residues indicate sites of identity
between multiple species, whilst grey-tiled residues exhibit sequence similarity with other orthologues. Hyphens
indicate gaps in the sequence. The red-shaded residue is the glycine mutated to serine on the 3-4-13
chromosome, which is highly conserved between species and nested within a sequence of high homology.

121

Functionally, CdsA is the sole member of the phosphatidate cytidyltransferase family in
Drosophila. Phosphatidate cytidyltransferases catalyse the synthesis of CDP-DAG from
phosphatidic acid. As CDP-DAG is the precursor to both phosphatidylinositol and
phosphatidylglycerol-3-phosphate, CdsA plays a crucial role in maintaining the levels of
diverse phospholipid species including PIP2, PIP3, and the phosphatidylglycerol derivative
cardiolipin. A previously-studied hypomorphic allele exhibited male sterility due to defects in
spermatid individualisation (Laurinyecz et al., 2016). Additionally, homozygotes of a strongly
hypormorphic or null allele of CdsA were shown to be late-embryonic lethal by Liu et al. (2014)
due to defects in cell growth. Both papers presented corroborating data showing up to a
tenfold reduction in the levels of PI from tissues where cdsa expression was perturbed,
implicating this reduction in the observed phenotypes. In the first paper to examine functions
for CdsA in Drosophila, (Wu et al., 1995) showed that mutants of a weaker hypomorph of
CdsA displayed defective phototransduction. As light responses rely on the degradation of
PIP2 by phospholipase C (Montell, 2012), mutants of cdsa were unable to replenish PIP2 to
maintain signalling for prolonged periods.
Though the identification of the protein CdsA as a putative regulator of oocyte polarity was
interesting, its broad-spectrum role – being required for the production of precursors for a
multitude of different lipid species – made it difficult to derive a mechanism through which it
could influence polarity with the available information. It was therefore necessary to narrow
the action of CdsA in the context of polarity establishment to either the production of
phosphatidylinositols or the production of phosphatidylglycerol. The biosynthetic enzyme
responsible for the conversion of CDP-DAG to phosphatidylglycerol-3-phosphate in humans,
PGS1, has only one known orthologue in flies. This uncharacterised orthologue, CG7718,
should act as the committed step in the synthesis of mature phosphatidylglycerol, as no
enzymes have yet been identified which can revert phosphatidylglycerol-3-phosphate to CDPDAG. Therefore, the perturbation of this enzyme should result in the depletion of
phosphatidylglycerol, allowing for its requirement during oogenesis to be ascertained.
Archambault et al. (2007) previously created P-element-derived excision alleles of CG7718
during an attempt to disrupt the adjacent locus. These alleles were sourced and one of them,
CG77187, was recombined onto FRT82B to allow for the production of germline clones. GFPStaufen localisation was examined in these clones. Although the signal in mutant egg
chambers appeared to be far more aggregated in the nurse cells, a crescent was still seen
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forming at the posterior in mutant clones, indicating that polarity is still correctly established
(Figure 4-11). Whilst it is possible that this allele does not represent a genuine null for CG7718,
this clonal analysis strongly suggested that phosphatidylglycerol-3-phosphate and, by proxy,
phosphatidylglycerol and cardiolipin, were dispensable in the egg chamber for the purposes
of polarity establishment. As the only other known pathway for which CdsA is required is the
formation of phosphatidylinositol, it seems likely that the oocyte polarity phenotype in these
egg chambers is a result of a deficiency in a specific phosphoinositide species.
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Figure 4-11. CG7718 mutant egg chambers were still able to localise GFP-Staufen. (A) A wild type stage 9
germline clone expressing nls-RFP (cyan) and GFP-Staufen (green), which is localised to the posterior. (B) A stage
8 mutant clone for a CG7718 putative null allele. Though GFP-Staufen in the nurse cells appears aberrantly
distributed, it is still posteriorly localised in such egg chambers. DAPI is magenta, and scale bars are 25µm.
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4.2.7 Cloning and analysis of a diacylglycerol fluorescent reporter construct
As a known cdsa phenotype is the inability to maintain signalling via the secondary messenger
diacylglycerol (DAG) due to a lack of PIP2 replenishment (Wu et al., 1995), it was also possible
that the signalling pathway required for the establishment of polarity relied on the
degradation of PIP2 by PLCs. A depletion of PIP2 in a cdsa mutant would therefore perturb the
establishment or maintenance of polarity, resulting in the observed defect. The formation of
the anterior-posterior body axis through the action of PLC, resulting in localised alterations to
myosin activity, would also show striking parallels to symmetry breaking in the mouse
embryo, where de novo polarisation relies on the hydrolysis of PIP2 to trigger myosin
regulatory light chain phosphorylation at sites with no contact to other cells (Zhu et al., 2017).
In order to test whether plasma membrane diacylglycerol was polarised in the Drosophila
oocyte, as was the case in the mouse embryo (Zhu et al., 2017), a reporter for DAG was cloned
into a UASp construct. This reporter contains the DAG-binding domain from PKC fused to GFP
(Gawden-Bone et al., 2018). When expressed, this transgenic protein will bind DAG within the
membrane, providing a fluorescent readout of its localisation. Any enrichment or specificity
of DAG localisation could provide a greater insight into the underlying mechanisms of axis
establishment, given that localised DAG signal could act as a proxy for sites of PIP2 hydrolysis
resulting from soma-germline signalling.
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Figure 4-12. Localisation of a PKC-GFP reporter construct driven in the germline. (A) A stage 6 egg chamber
expressing PKC-GFP shows a cortical signal in all nurse cells, as well as along the posterior cortex of the oocyte.
The oocyte signal by stage 7 is less intense than in the neighbouring nurse cells (B). (C) A stage 8 egg chamber
exhibiting continued high DAG in the nurse cells, as well as a minor gradient of DAG along the anterior-posterior
axis. (D) A stage 9 egg chamber showing the continuation of this gradient at later stages of oogenesis. Magenta
is DAPI, and all scale bars are 20µm.
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This construct was firstly driven using the maternal tubulin Gal4 to express in the germline.
As can be seen in Figure 4-12, a very strong signal localises uniformly to the cortex of the
nurse cells from the early stages of oogenesis, and persists until at least stage 10. A signal
could be seen at the posterior cortex of the oocyte as early as stages 4-5, indicating that DAG
is present at the cortex underlying the follicle cells at this stage, prior to the receipt of any
signal. However, an intense fluorescent signal is also present at the anterior and lateral sides
of the oocyte at this stage as well. The nature of this signal is difficult to disentangle, given at
these earlier stages the oocyte is often embedded between nurse cells at the posterior (Figure
4-12A). This means that by eye it is not possible to determine whether this signal is a
continuation of the strong nurse cell membrane localisation, an indicator of DAG presence at
the anterior cortex of the oocyte, or a combination of the two. Without knowing the source
of this fluorescence, it is not possible to conclude whether DAG is localised solely to the
posterior at these early stages.
In an attempt to circumvent this issue, an analysis was undertaken based on the Fiji intensity
profiling tool. A segmented line was drawn at an in-plane point of nurse cell-nurse cell
contact, where one of these nurse cells was also in contact with the oocyte, and the mean
fluorescence intensity along the line measured (value X). As this value represents the quantity
of DAG present on the membranes of two nurse cells in contact with one another, this mean
value was then divided by two to ascertain the DAG localisation at the membrane of one
nurse cell (value X’). A second measurement was taken at the anterior-lateral cortex of the
oocyte on the same side of the nurse cell from which the first measurement was derived
(value Y). Adopting the assumption that the level of nurse cell DAG remains uniform even at
points of contact with the oocyte, X’ can be subtracted from Y to provide an approximation
of anterior-lateral oocyte DAG signal (measurement Z). Finally, a measurement of
fluorescence intensity at the posterior was taken, and the proportion of posterior to anteriorlateral signal calculated. These measurements are represented by Figure 4-13A. For later
stages (Figure 4-13B), by which point the oocyte is the sole germline cell at the posterior pole
of the egg chamber, a measurement of fluorescence at the lateral cortex (Y) was recorded
using the same intensity analysis, and this value directly compared to a measurement from
the posterior (Z).

126

A

B
Y
Y
X

Z

Z

Figure 4-13. Measurements collected for the calculations of DAG localisation at different stages of oogenesis.
(A) A stage 6 egg chamber expressing PKC-GP in the germline. A value of fluorescence intensity is collected from
the cortex of oocyte-adjacent nurse cells (yellow line). A second value, Y, measures the cortical intensity at the
anterior and lateral cortex of the oocyte, whilst a third value, Z, measures posterior intensity. (B) A stage 9 egg
chamber expressing PKC-GFP in the germline. The Y value measures fluorescence intensity at the lateral oocyte
cortex, corresponding to the anterior-lateral domain, whilst value Z corresponds to the posterior domain. Scale
bars are 25µm.

A preliminary analysis conducted in this manner concluded that there is 1.54x (±0.43, n=15)
as much DAG present at the posterior cortex of the oocyte as at the anterior-lateral cortex at
stages 5-6, indicating a potential non-uniform localisation of DAG on the oocyte cortex.
However, this analysis still suggests that DAG is present elsewhere on the oocyte membrane.
Contrary to expectations, by stage 7 many oocytes appeared to have a depleted cortical
enrichment of DAG (Figure 4-12B). Interestingly, for some stage 7 oocytes and by stage 8 this
depletion was most apparent at the posterior, with greater fluorescence at the anteriorlateral cortex. This anterior-posterior gradient of DAG was maintained through both stage 9
and stage 10, though it should be noted that DAG never appeared to be entirely removed
from the posterior, only present in lower abundance. A comparison of fluorescent intensities
between the lateral and posterior membranes of stage 9 and 10A egg chambers revealed that
the lateral membrane contains 1.8x (±0.13, n=14) the level of DAG as the posterior cortex on
average, indicating a significant difference between these two domains. Though this analysis
does not confirm a role for DAG, or its absence, in the establishment of polarity, is does
provide an initial indication of lipid asymmetries to different polarity domains and, therefore,
across the establishing anterior-posterior axis.
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Figure 4-14. Localisation of the PKC-GFP reporter in the follicular epithelium. (A) A stage 9 egg chamber
showing the expression of the DAG reporter in epithelial cells. An apical enrichment can be seen across the
columnar follicle cells contacting the oocyte (B), but is less clear in cells contacting the nurse cells (white arrows).
The border cell cluster appears to lack any significant cortical enrichment of PKC-GFP (C). The cluster is labelled
with a white arrow in panel C. The area in the centre of the border cell cluster lacking PKC-GFP expression
represents the polar cell pair, which do not express traffic jam-Gal4. Magenta is DAPI in all images, and all scale
bars are 20µm.

As the localisation of DAG has not previously been assessed using this reporter in Drosophila,
the transgene was also driven in the follicle epithelium using Traffic Jam-Gal4, and its
distribution examined (Figure 4-14). Interestingly, the signal in follicle cells appeared to be
less constrained to the cell cortex than in the germline. A strong nuclear localisation was
observed, though the fact that this localisation labelled the entire nucleus as opposed to the
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nuclear periphery suggested that this could be a result of high expression levels of the
construct as opposed to a genuine DAG concentration in the nucleus. In many cells, a punctate
cytosolic enrichment was also observed, potentially also corresponding to either the
endoplasmic reticulum or Golgi. In the columnar epithelial cells overlying the oocyte at stage
10, DAG appeared to be present across both the apical and lateral membranes, with a specific
enrichment at the apical surface (Figure 4-14B). A comparison of fluorescence intensities,
similar to that undertaken in the oocyte as laid out above, identified a greater than 2-fold
enrichment of fluorescent signal at the apical domain compared to the lateral (2.02 ± 0.09,
n=13). Though these results were a preliminary characterisation, they do suggest a potential
asymmetric localisation of DAG at the apical membrane of follicle cells, though the putative
functional relevance of such an asymmetry remains undetermined. As can be seen in Figure
4-14B (white arrows) the apical localisation of this reporter is less clear in cells which do not
directly contact the oocyte, though it is not clear whether this is due to a lack of oocyte
contact or due to a lack of columnar morphology. Interestingly, in contrast to other follicle
cell populations, border cells appear to lose any enriched signal at the cell cortex, instead
showing a diffuse cytoplasmic localisation to the extent that it becomes almost impossible to
distinguish individual cells in the cluster using this marker.

4.3 Discussion
The rationale behind this project was to determine identify novel factors affecting the receipt
and transduction of the somatic signals inducing the formation of both the anterior-posterior
and dorsal-ventral body axes. Whilst the mutagenesis screen was successful in isolating a
number of mutant phenotypes relating to mRNA localisation and axis formation, it should be
noted that the number of mutants identified in this screen was lower than the number
identified by the screen undertaken by Martin et al. (2003). The most plausible explanation
for this is that saturation of the chromosome was not reached, as is evidenced by the lack of
other mutants showing the same phenotype as 3-4-13. The screening of 5000 lines is often
used as an estimate for the number required to reach saturation (Nüsslein-Volhard et al.,
1984). Given approximately 2800 or 3700 lines were examined, depending on whether cell
lethality was considered a phenotype, it is eminently possible that continued screening of the
chromosome would identify further mutant alleles affecting axis formation. It is also possible
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that the mutagenesis with EMS was not as effective as believed, resulting in fewer potential
DNA lesions to produce mutant phenotypes.
Interestingly, a germline clone screen of chromosomes X, 2L, 2R, 3L and 3R undertaken by
Luschnig et al. (2004), which attempted to identify genes required for embryonic patterning,
identified significantly fewer mutant alleles from chromosome 3L than any other
chromosome arm. Whilst these two screens are not directly comparable due to the number
of variables between them, for example the use of ovoD1 versus nls-GFP, or the examination
of axis defects in the egg chamber versus the embryo – by which stage defects in the egg
chamber may have been rescued, buffered to lessen the phenotype, or resulted in egg
chamber degradation – it points to the possibility that there are fewer genes affecting axis
formation present on chromosome 3L. It is also possible that minor defects in bcd or GFPStaufen localisation were not detected, leading to only more penetrant or visible phenotypes
having been noted. These explanations are not mutually exclusive, and it is possible that a
combination of all factors contributed to the observed lower number of mutants.
The use of a combined construct containing both GFP-Staufen and the bcd-MS2/tdTomato
system appears to have mostly resolved the issue of variable silencing of fluorescent
transgenes encountered by previous PhD students. The intermittently weaker GFP-Staufen
signal observed in the screening generation from the first crossing scheme would likely have
proven problematic, as it could have led to the false categorisation of phenotypically wild
type egg chambers as Staufen mislocalisation mutants. This expression of GFP-Staufen did
not appear to exhibit the same degree of variance as observed in the previous screen attempt,
only resulting in a weaker fluorescent signal at the posterior as opposed to a wholesale loss
of expression. Furthermore, it should be noted that this variability occurred in a lower
proportion of egg chambers than in the previous screen, where up to a quarter of egg
chambers were in some way affected. Given this phenomenon was only observed in the
screening generation, as was the case for the silencing of transgenes in the screen attempted
by Tongtong and Ross, it is feasible that the same mechanism was responsible for this
variability in both screens. The nature of such a mechanism remains unclear, however. It had
previously been hypothesised that the use of high numbers of P-element insertions had
resulted in the activation of a protective system to block their action, perhaps based upon the
action of piwi RNAs. However, there were only five transgenes present in the final female
dissected – the two FRT sites, the ovoD1 insertion, the screening construct and the hsFLP. This
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number of constructs is not excessive, particularly given the screening construct was inserted
into an attP site created independently of P-elements. Furthermore, were it to be the case
that a greater number of insertions resulted in the activation of such a mechanism, it would
be expected that the additional presence of a second flippase and GFP-Staufen construct
which were inserted through P-element-derived methods would exacerbate and not alleviate
this issue. The fact that only GFP-Staufen seemed to be variable, despite being integrated in
the same construct as the bcd-MS2 system, would argue against silencing through a broader
mechanism such as alterations to chromatin state. However, the sequence and promoter for
GFP-Staufen was also consistent between the two transgenes crossed into the final fly,
arguing against silencing via a sequence-specific mechanism. A potential explanation is that a
multitude of different factors, including the number of copies of a specific sequence in the
genome, and P-element insertion number, influence the extent to which this silencing
mechanism is activated.
Regardless of the specific mechanism through which this previously-observed transgene
repression can be triggered, it appears that the use of a combined construct integrated into
attP sites has significantly improved the expression of fluorescent markers. In future screens,
perhaps the ovoD1 construct could be reintegrated on the pertinent chromosome arm using
the fC31 system, to further reduce the number of P-element-derived insertions in the
screening generation.
The establishment of cell polarity in the oocyte is a critical step in the formation of the
anterior-posterior body axis. However, the specific signalling which initiates this cell polarity
remains unclear. The identification of CdsA as a regulator of this process may yield important
insights with further examination. However, it also raises further questions when placed in
the context of previous literature.
Gervais et al. (2008) identified the PI4P5 kinase Skittles, which regulates the levels of the
phospholipid PIP2, as a protein required for oocyte polarity. PIP2 is required for myriad
signalling pathways, often due to its degradation to the secondary messenger diacylglycerol,
and therefore could conceivably be required during the transduction of the posterior follicle
cell signal. Were this to be the case, skittles mutants would produce a polarity phenotype due
to a significant reduction in PIP2 levels in the germline, whilst cdsa mutants would produce
this phenotype albeit due to the upstream reduction in PIP2 precursors. Though this
hypothesis is appealing, there are a number of discrepancies between the two phenotypes
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which suggest this is not necessarily the case. Firstly, in germline clones of cdsa3-4-13, proteintrapped Par-1 is not recruited to the oocyte posterior, indicative of a failure to establish
polarity. However, Gervais et al. (2008) found that a Par-1-GFP construct localised uniformly
across the entire oocyte cortex in sktl mutants. This phenotype would instead suggest that
Par-1 is capable of being recruited to the posterior but then spreads across the rest of the
cortex due to a defect in the maintenance of the anterior-lateral polarity domain.
Concordantly, Gervais et al. (2008) also found that the aPKC interactor Bazooka was
mislocalised to cytoplasmic punctae in sktl germline clones. Whilst it is possible that the sktl
mutant remains unable to transduce the signal to establish oocyte polarity via Par-1 posterior
recruitment, yet Par-1 is capable of localising to the cortex regardless, due to the disruption
of the anterior-lateral polarity complex, such an explanation would not explain why the
opposite phenotype is observed in cdsa mutants. It is feasible that the 3-4-13 mutant of cdsa
is hypomorphic in nature, only reducing phosphoinositides from the plasma membrane. This
could result in defects in signal transduction at the posterior but still allow for the cortical
localisation of other polarity components such as Bazooka. It is also possible that the buffering
of phosphoinositide species downstream of cdsa partially rescues the sktl phenotype.
However, this would not explain other inconsistencies, such as the pronounced nuclear
mislocalisation phenotype of sktl alleles while cdsa appears to exhibit wild type nuclear
localisation, or the anterior and posterior localisation of bcd mRNA in cdsa3-4-13 clones
compared to the nuclear-associated bcd mRNA of sktl clones.
A more detailed comparative analysis of mutants in both genes could provide further insight
into these differences. Germline clones for both genes should be stained for diphosphorylated Spaghetti Squash, for example, to more conclusively determine whether
transduction of the somatic signal has been affected, and the localisation of anterior polarity
proteins should also be assayed in germline clones. Sensors for different phosphoinositol
species should also be examined in cdsa mutants to confirm their depletion in comparison to
wild type. Additionally, it would be interesting to see whether the production of mutant
germlines of sktl in a cdsa mutant heterozygous background enhances the observed
phenotypes and vice versa.
The previous finding that mutants in cdsa produce a phototransduction phenotype due to a
depletion of diacylglycerol (Wu et al., 1995), paired with the recent discovery that
diacylglycerol plays a role in polarity establishment in the mouse embryo (Zhu et al., 2017),
132

led to the creation of a UAS-driven diacylglycerol reporter. Whilst the findings from the
expression of this reporter – that diacylglycerol levels appear to be lower at the posterior
membrane compared with the anterior and lateral domains – are interesting, they also raise
interesting questions when compared to the mouse embryonic system. Zhu et al. (2017)
showed that the mammalian orthologue of the aPKC interactor Par-6 is recruited to the apical
domain of cells in the 8-cell embryo downstream of DAG formation, and that DAG synthesis
is necessary for the phosphorylation of myosin regulatory light chain at the same domain. The
colocalisation of this Par-6 orthologue and DAG would be equivalent to the anterior-lateral
domain of the Drosophila oocyte, where it appears the same is true. However, in the oocyte
myosin phosphorylation occurs at the posterior, a domain which is mutually exclusive from
the regions of greater DAG intensity and the cortical domain containing Par-6. It appears
unlikely, therefore, that direct parallels between these systems can be drawn with regards to
a role for DAG in PKC-mediated actomyosin activation.
In order to determine what role DAG may play – if any – in the establishment of oocyte
polarity, a number of experiments should be undertaken. The first would be to perturb its
formation through the blockage of Phospholipase C activity, for example through the use of
the drug U73122 (Wong et al., 2007), to see whether such an inhibition of DAG synthesis
affects oocyte polarity in any way. If such an experiment, or genetic experiments using
mutants of Drosophila Phospholipase C proteins, reveals that DAG is required for oocyte
polarity then it will next be important to determine whether its asymmetry of localisation
within the plasma membrane is a cause or a consequence of polarity establishment. This
could be achieved through the driving of the PKC-GFP reporter in different mutant
backgrounds such as grk mutant transheterozygotes and par-1 hypomorphic egg chambers,
and in cdsa mutants, to determine whether DAG depletion at the posterior is upstream of
downstream of polarisation.
Any potential finding for a role of DAG in oocyte polarity would still raise further questions in
light of the failure of cdsa mutant clones to form a posterior crescent of Par-1. If the
transduction of the signal from posterior follicle cells requires depletion of DAG from the
posterior membrane of the oocyte then the further loss of DAG as a result of compromised
cdsa function should in theory increase the domain of Par-1 in the oocyte, whereas the
opposite is seen. The same would be true for any model in which the specific attenuation of
a signal at the posterior cortex which normally results in DAG production is responsible for
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polarity establishment. It is possible that the lower levels of DAG at the posterior are not the
result of its degradation to phosphatidic acid but its conversion to other phospholipid species
such as phosphatidylcholine or phosphatidylethanolamine, which are also known to have
roles in the modulation of signalling pathways (Banfield et al., 1998; Ersoy et al., 2013). It
would perhaps be informative to test sensors for other lipid species to determine whether
they also exhibit an asymmetric localisation, as this may provide further insight into the
potential mechanisms of polarity establishment and axis formation.
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Investigating the phosphorylation of Cup by Par-1
5.1 Introduction
The establishment of oocyte cell polarity is the key process in the initiation of anteriorposterior axis formation in the Drosophila egg chamber due to the subsequent relocalisation
of maternal mRNAs within the oocyte. This process is known to be reliant on the microtubule
cytoskeleton, which is biased as a result of this cell polarity. However, it is likely that these
cortical polarity domains control other asymmetric functions in the context of oogenesis and,
more broadly, in other polarised cells.
To better understand downstream processes which the polarity kinase Par-1 could modulate,
a previous PhD student in the lab, Artur Fernandes, undertook a phosphoproteomics
approach to identify phosphorylation targets. This method relied on the systematic
modification of the kinase active site of Par-1 to enable it to utilise so-called bulky ATP
analogues, as pioneered by Hertz et al. (2010). After the mixture of protein extracts isolated
from Drosophila ovaries with the analogue-sensitive Par-1 protein, and this bulky ATP species,
Par-1 substrate residues were thiophosphorylated, allowing for their isolation from nonthiophosphorylated proteins and their determination by mass spectrometry. This approach
identified a broad spectrum of Par-1 substrates, some of which were previously identified and
others of which were novel.
One of these identified targets is the eIF4E-binding protein Cup. Cup is known to repress
translation of certain mRNAs through the blockage of ribosome assembly due to its
interaction with eIF4E (Marcotrigiano et al., 1999). This interaction with eIF4E occurs through
two binding domains. The first is a conserved motif through which other eIF4E-binding
proteins also elicit their function, blocking translation by competing for eIF4E interaction with
the initiation factor 4G (Mader et al., 1995; Marcotrigiano et al., 1999; Nakamura et al., 2004).
The second motif is noncanonical, but is also required for the correct function of Cup (Nelson
et al., 2004). Interestingly, a recent structural study of Cup binding to eIF4E showed that the
first of these motifs competes for the same binding surface as eIF4G, but that the second
binding motif interacts with a different surface of eIF4E (Igreja et al., 2014). Based on this
data, it has been hypothesised that Cup inhibition of eIF4E occurs in a two-step mechanism
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wherein Cup interacts with eIF4E through its noncanonical motif first, and then displaces
eIF4G following this initial docking.
In the context of oogenesis, Cup is known to regulate the translation of the localised maternal
mRNAs osk, nanos and grk, with the disruption of this regulation resulting in defects in body
axis specification (Clouse et al., 2008; Nakamura et al., 2004; Verrotti and Wharton, 2000;
Wilhelm et al., 2003). In order to regulate osk mRNA translation, Cup is recruited to the
complex by Bruno, and both proteins are known to interact with one another (Nakamura et
al., 2004). Mutants in cup exhibit early and precocious Osk protein accumulation in the
oocyte, and other mutants which disrupt this translational repression result in embryonic
pattern defects as a result of this aberrant Osk protein (Kim-Ha et al., 1995). This is in contrast
to wild type conditions, where the translational repression of osk mRNA is maintained until
the complex reaches the posterior at stage 9, whereupon this repression is relieved. The
mechanism through which this localised relief occurs is unclear, but it is possible that a posttranslational modification such as phosphorylation could alter the activity, binding affinity, or
stability of components in the osk mRNA complex to facilitate translation. Such a result would
be in accordance with similar findings in other systems that localised phosphorylation of RNA
regulators induces spacially-restricted translation (Deng et al., 2008; Hüttelmaier et al., 2005),
and would also align with the known inhibition of eIF4E-binding proteins by phosphorylation
(Pause et al., 1994).
Though none of the six phosphorylation sites identified using the phosphoproteomics screen
(S523, S524, S540, S760, S762, S1104) fall within either the canonical or noncanonical binding
motifs, the first five residues fall within a predicted eIF4E-binding domain as determined by
sequence analysis using Interpro (Figure 5-1B). It was therefore possible that the
phosphorylation of this domain could influence the function of Cup. Given Par-1 is posteriorlylocalised, the possibility that Par-1 phosphorylation of Cup enables localised translation at the
posterior cortex is an attractive hypothesis.
In an attempt to determine whether these phosphorylation sites played a role in translational
regulation of oskar mRNA, Artur previously created Cup transgenes in a UASp vector for
driving in the germline, with the six phosphosites mutated to alanine or aspartic acid to either
block or mimic phosphorylation. Whilst the expression of these lines was successful in
rescuing the premature degradation of Cup mutant egg chambers (Keyes and Spradling,
1997), the wild type construct was unable to restore the wild type translation of Osk mRNA.
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It was theorised that the mosaicism of the UAS-Gal4 system in the egg chambers, or the fact
that expression levels from UAS-Gal4 are often greater than at an endogenous locus, could
be responsible for this inability to rescue. This necessitated a new approach to the rescue of
Cup.

5.2 Results
In order to examine whether Cup phosphorylation by Par-1 has an impact on the process of
osk translational repression, it was necessary to express Cup in a transheterozygous cup
mutant background, with the sequence of the expressed Cup altered to substitute the
phosphorylated serine residues with either alanines to block phosphorylation or aspartic
acids to mimic its effects. If these phosphorylation mutants failed to rescue the Cup mutant
phenotype of osk mRNA premature translation, whilst the wild type was successful, this
would indicate that phosphorylation of these residues played a role in the process of osk
mRNA translational repression. Whilst it would be possible to utilise CRISPR/Cas9 to mutate
the Cup mutant sequence at its endogenous locus – thereby guaranteeing the correct
expression levels and genomic regulation – the six residues fall in multiple exons across a 10kb
radius. This would necessitate multiple rounds of CRISPR to sequentially mutate each site,
given the efficiency of homology-direct repair is known to decrease as the length of the donor
molecule increases (Li et al., 2014; Shy et al., 2016). Such an approach would not prove
feasible, as each intermediate mutant stock would also have to be grown to sufficient
quantities for embryo injection before the next round of CRISPR to be performed. Thus, an
alternate approach to examining Cup phosphorylation was required that did not rely on
CRISPR or on the UAS-Gal4 system.

5.2.1 Design of an endogenous Cup construct
To circumvent any potential issues induced by the mosaicism or aberrant expression of a UASCup transgene, it was decided that a method which attempted to mimic the levels and
patterns of endogenous Cup transcription should be undertaken. The creation of fosmids
containing specific genomic regions from Drosophila has proven useful in examining the
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localisation of a multitude of genes (Sarov et al., 2016). However, neither unaltered nor GFPtagged fosmids for Cup and its genomic context have been created. This necessitated the
creation of a new Cup construct.
This plasmid consisted of the 2.5kb upstream genomic sequence of Cup. This sequence
contained both Cup promoters identified in the Eukaryotic Promoter Database (Dreos et al.,
2017), and four promoters predicted using the Neural Network Promoter Prediction software
(Reese, 2001), and thus should express Cup at a level close to its endogenous counterpart.
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342 348 378 384
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945

NC
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S523 S524

S540

1117
S1104
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S772

B

Vector backbone

Cup 5'UTR-CDS-eGFP-3'UTR

2.5kb upstream sequence

Figure 5-1. An overview of Cup protein and the strategy employed herein. (A) A diagram of Cup protein,
showing the three potential eIF4E binding sites. These include a canonical motif labelled C, a noncanonical motif
labelled NC, and a predicted domain labelled P. The six Par-1 phosphorylation sites are labelled. (B) The design
of the new Cup transgene, consisting of an upstream genomic sequence, a Cup-eGFP minigene, and a backbone
for attP integration.
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Following this sequence is the 5’UTR of Cup, as the specific sequence of the 5’UTR is known
to play a role in the regulation of protein levels via modulation of translation (Leppek et al.,
2018). This is followed by the coding exons of the gene, maintaining only the first intron. This
balances the size of the plasmid, which would be large and difficult to manipulate were all
introns included, with the known requirement of introns and, in particular, first introns for
the correct expression level and stability of mRNAs (Nott et al., 2003; Park et al., 2014). A Cterminal eGFP allows for the fluorescent detection and localisation analysis of Cup, and the
endogenous 3’UTR of Cup is included due to the widespread role of this region in localisation,
mRNA stabilisation, and binding of regulatory small RNAs (Mayr, 2017). This construct
therefore takes multiple steps towards recapitulating the precise expression patterns of Cup,
and would hopefully negate any potential mosaicism between nurse cells observed through
the use of UAS-containing transgenes.

5.2.2 Technical challenges in plasmid creation and integration
Progress in the analysis of Cup phosphorylation was hampered significantly as a result of
difficulties in the creation and genomic integration of these plasmids. Attempts to clone these
plasmids proved difficult, requiring extensive optimisation of the HiFi assembly procedure
across multiple different strategies accounting for many different potential issues.
Transformed plates and colonies only grew successfully, and amplified the plasmid, when
grown at 30°C or lower, suggesting that these constructs were toxic to the bacteria
themselves.
These difficulties proved worse for the construct containing the phosphonull mutant of Cup,
where attempts to perform HiFi assembly proved unsuccessful on a number of occasions
despite the sequencing of the constituent fragments to confirm their fidelity, the testing of
different primer lengths, overlap lengths and overlap points, the use of a multitude of
different molarities allowed within the guidelines established by NEB, and the use of Gibson
assembly on overlapping fragments to sequentially lower the number of fragments in the final
reaction. The few colonies which grew on plates tested positive for Cup sequences via colony
PCR, perhaps indicating that the fragments were capable of assembling in a different manner
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than anticipated, or assembling correctly but recombining within the bacteria to produce a
less toxic byproduct more amenable to culture growth.
The difficulty in cloning the phosphorylation-null construct was surprising considering the
only difference between these three constructs was the sequence at the six serine residues
to be mutated. Two potential explanations were identified. The first was that the sequence
of the non-phosphorylatable mutant was toxic to the bacteria in a manner greater than that
of the other two sequences, perhaps due to the production of a dominant suppressor of
translation in correct transformants. The second was that the sequence of the six amino acids
in some way affected the efficiency of cloning, perhaps due to the formation of secondary
structures.
To test whether the first hypotheses was correct, the transformation of assembly mix was
attempted in a number of different bacterial cell lines that suppressed translation from
constructs, such as Agilent Able K cells, facilitating their amplification in spite of toxic
products. However, this cloning also proved to be unsuccessful, suggesting either that toxicity
was not responsible for these issues, or that even suppression of transcription was not
sufficient to block enough product being produced to kill transformed bacteria.
To test whether the sequence was in some way interfering with the cloning method, a gBlock
of Cup cDNA containing the six amino acids, each of which was codon optimised to limit the
possibility of hairpin loop formation as predicted by the IDT OligoAnalzyer tool, was ordered
and used. Though attempts to HiFi assemble this plasmid remained unsuccessful, the use of
this fragment in subsequent restriction cloning produced the correct construct. It remains
unclear why restriction cloning was successful where HiFi assembly was not.
Having created the three constructs, difficulties were encountered in their insertion into
Drosophila. Integration into the ZH-2A line, which contains an attP site on the X chromosome,
was attempted first. This landing site was chosen as the expression of this construct, which
was not inducible but in theory constitutive, could conceivably have produced a dominantnegative phenotype through the misregulation of osk mRNA translation in the germline.
Having this construct on the X chromosome would have allowed for the crossing of transgenic
males to attached X females to establish a stable stock in spite of dominant negativity.
The wild type Cup construct was firstly injected into 200 embryos according to the standard
procedures. However, this injection was not successful in creating transgenic flies.
Subsequent injections attempted to both lower or increase the concentration of plasmid
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injected, to account for the two possibilities that the construct is toxic or that efficiency is
particularly low. These attempts were also unsuccessful despite the injection of
approximately 800 embryos in total.
Curiously, the phosphomimetic construct successfully integrated in the progeny of a single fly
from the first 200 embryos injected. However, without a wild type control this was not
sufficient to perform any further analysis. These three constructs were again injected, this
time into 400 embryos each for attP3 and attP18, both of which are also located on the X
chromosome. However, none of these injections produced successful transgenic flies.
Having failed to integrate these constructs on the X chromosome, the chromosome 3 landing
site attP2 was utilised. Previous observations in the lab suggest that attP2 is efficient at
integrating a variety of constructs. Consistent with these findings, the phosphomimetic Cup
construct was readily integrated in this site, with many of the injected embryos resulting in
transgenic progeny. However, the same efficiency was not observed for either the Cup wild
type or non-phosphorylatable mutant constructs. For the wild type construct, only a single fly
of the 800 embryos injected produced transgenic progeny, and only two flies from the 400
injected for the phosphonull plasmid (Table 5-1).
Though the integration of these constructs ultimately proved successful, the significant
difference in the proportion of successful transgenics between these three constructs which
were highly similar in sequence, size and injection mixture concentration suggested that this
difference could be explained by a decreased viability in wild type and non-phosphorylatable
Cup transgenic flies. A recent study has identified a role for Cup in the development of
synaptic boutons at the neuromuscular junction, most likely through a negative regulation of
the Bone Morphogenic Protein signalling pathway (Menon et al., 2015). It is therefore feasible
that the expression of the phosphonull construct could disrupt the regulation of this pathway
in a manner which proves semi-lethal to the developing fly, and that the expression of wild
type Cup results in overexpression. As overexpression can often result in a neomorphic
phenotype (Prelich, 2012), this could also explain the lower efficiency observed herein.
This explanation was supported by attempts to inject a modified Cup construct into attP2 in
parallel with the constructs described above. This construct contained a cassette inserted into
the first intron of Cup, comprised of the splice acceptor and three stop codons in each reading
frame from the MiMiC transposon (Venken et al., 2011) flanked by FRT sites in the same
orientation. This cassette was designed with the purpose of blocking full-length transgenic
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Cup translation, allowing insertion to occur without the expression of toxic products and
resultant loss of viability. This cassette successfully attenuated Cup translation (Figure 5-2A),
and was associated with a resultant increase in the proportion of successful transgenic flies
for the wild type construct, albeit not to the same levels as the phosphomimetic construct
(Table 5-1). Whilst the excision of this cassette through heat shock was not unsuccessful in
the conditions tested (Figure 5-2B), its effect on injection efficiency was considered a
validation of the difficulties underpinning integration. However, having now integrated all
three original constructs, they were used for further analysis.
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Table 5-1. Integration efficiencies of several Cup transgenes in attP2. Cup-WT is the wild type Cup construct,
whilst Cup-STOP-WT refers to the wild type construct with a termination cassette integrated into the first intron.

Construct

Embryos injected

Embryos with transgenic
progeny

Cup-WT

800

1

Cup-phosphomimetic

200

41

Cup-phosponull

400

2

Cup-STOP-WT

200

6

A

No heat shock

B

4x heat shock
Figure 5-2. Lack of expression of wild type Cup in a construct containing a termination cassette. (A)
Very limited expression of Cup-GFP (green) can be seen in the absence of heat shock, indicating the
efficacy of this cassette in blocking translation. (B) Expression does not increase in ovaries subjected
to four rounds of heat shock, indicating that this cassette is not capable of recombining out to induce
transgenic Cup expression. DAPI is magenta and all scale bars are 25µm.

5.2.3 Germline expression of Cup transgenes
Having established these transgenic lines, the localisation of the different transgenes was
examined to determine whether they were able to recapitulate the previously-published
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pattern of Cup localisation during oogenesis. Wilhelm et al. (2003) used a Cup antibody to
show its localisation at the posterior end of the oocyte during stages 1-6, followed by a more
cortically-associated localisation with the highest concentration at the anterior at stage 7-8.
From stage 9 onwards, Cup was found to be posteriorly enriched, as would be expected given
its role in osk mRNA regulation.
At earlier stages, the wild type Cup-GFP transgene exhibited a posterior enrichment,
recapitulating the published localisation pattern (Figure 5-3A). Similarly, during midoogenesis an enrichment in the anterior corners was also observed and, though not always
exclusively so, from stage 9 onwards Cup-GFP was often seen localised solely to the posterior
of the oocyte (Figure 5-3B-C). During early stages the fluorescent protein signal appeared to
be far more punctate in nature in both the nurse cells and the oocyte, as though associated
with a granular structure of some kind. However, by stage 10A very few punctate structures
could be seen. Furthermore, during earlier stages an association of Cup-GFP with the nuclear
envelope in the nurse cells was observed. This signal also became less apparent at later
stages. Though colocalisation was not tested, it is possible that this signal at the nuclear
membrane is due to Cup’s interaction with Barentz, which shows a similar punctate nuclear
pattern during mid-oogenesis (Wilhelm et al., 2003). The changes in localisation of the wild
type Cup transgene throughout oogenesis align with the known localisation of osk mRNA
particles, suggesting that this transgene is still capable of binding correctly with osk mRNA.
This provided a measure of confidence with regards to its functionality.
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A

No heat shock

B

4x heat shock

C

Figure 5-3. Localisation of a wild type Cup transgene throughout oogenesis. (A) A stage 5 egg chamber showing
a posterior localisation of Cup-GFP (green). (B) By stage 7 this localisation shifts to an anterior enrichment (white
arrows). (C) A stage 9 egg chamber showing an enrichment at the posterior (white arrow). DAPI is magenta. All
scale bars are 25µm.

The Cup phosphomimetic transgene was analysed next. This transgene was also heavily
granular in appearance, and a nuclear envelope signal was still observed in these egg
chambers until approximately stage 9. In the oocyte, a bias towards the posterior was again
seen during the earlier stages of oogenesis (Figure 5-4A). By stages 7-8 a slight enrichment at
the anterior was observed in some egg chambers, albeit less notable than with the wild type
transgene, perhaps in part due to the high quantity of granular structures dispersed through
the oocyte(Figure 5-4B). From stage 9 onwards the phosphomimetic Cup-GFP was sometimes
enriched at the posterior, though this signal was often not a tight crescent, instead seeming
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more diffuse towards the ooplasm and less exclusive to the posterior compared to the rest of
the cortex (Figure 5-4C).

A

No heat shock

B

4x heat shock

C

Figure 5-4. Localisation of a phosphomimetic Cup transgene throughout oogenesis. (A) A stage 5 egg chamber
showing a posterior localisation of Cup-GFP (green). (B) By stage 7 this localisation shifts to an anterior
enrichment, albeit with punctae throughout the oocyte. The number of punctae was variable between egg
chambers. (C) A stage 9 egg chamber showing an enrichment at the posterior, along with an extended lateral
signal. DAPI is magenta. All scale bars are 25µm.
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A

No heat shock

B

4x heat shock

C

Figure 5-5. Localisation of a non-phosphorylatable Cup transgene throughout oogenesis. (A) A stage 5 egg

chamber showing a posterior localisation of Cup-GFP (green). (B) By stage 7 this localisation shifts to an anterior
enrichment, albeit with punctae throughout the oocyte. The number of punctae was variable between egg
chambers. (C) A stage 9 egg chamber showing a signal at the posterior, though the anterior signal is often more
intense at this stage. DAPI is magenta. All scale bars are 25µm.

The non-phosphorylatable Cup transgene also localised to a large number of punctae in the
earlier stages of oogenesis. From stages 1-6, this transgene exhibited a localisation to the
posterior of the oocyte (Figure 5-5A), as would be expected were it to associate with osk
mRNA. This localisation shifted to the anterior from stages 7-8 (Figure 5-5B), and relocated
again to the posterior from stage 9 (Figure 5-5C). This localisation at the posterior was also
not exclusive, however, with a stronger signal sometimes being detected at the anterior of
the oocyte. This posterior localisation sometimes appeared weaker in intensity than the
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localisation to the anterior during later stages, perhaps indicating a more transient
association with posteriorly-localised mRNAs such as osk, though greater analysis would be
required to determine whether this is the case.

5.2.4 Expression of Cup transgenes partially rescues the phenotype of cup mutants
Having examined the localisation of the Cup transgenes, and confirmed their robust
expression in the germline, it was next important to determine whether these constructs
were able to rescue to the premature osk mRNA translation phenotype observed in cup
mutants.
The phenotype of Cup mutants varies depending on the severity of the allele, with Keyes and
Spradling (1997) having previously categorised these mutants into three classes. Class I egg
chambers often fail to bud from the germaria, and development arrests at stages 5-6. Class II
egg chambers arrest at later stages, most commonly stages 7-8, depending on the mutant
examined, and class III egg chambers are capable of reaching the final stages of oogenesis,
albeit with defects in oocyte size, follicle cell number and chromatin state. To increase the
likelihood that premature osk mRNA translation could be observed prior to egg chamber
degradation, these transgenes were crossed into transheterozygotes of two cup mutants, the
class II cup15 allele and the class III cup21 allele.
Homozygous egg chambers for these two alleles stall at stage 7-8 and stage 14, respectively.
However, the result of their interaction on egg chamber development has not yet been
examined. A dissection of transheterozygous ovaries revealed that the vast majority of
ovarioles contained no egg chambers later than stage 7. Almost all later stages appeared to
be in the process of degrading, and mated females fattened on yeasted food did not lay
mature eggs. Mutant egg chambers often failed to decondense the chromatin in nurse cell
nuclei after stage 5, as visualised by DAPI staining (Figure 5-6C). This phenotype was
previously observed in cup mutants by Keyes and Spradling (1997), providing greater
confidence that these transheterozygotes perturbed the function of cup. The lack of later
stage egg chambers made the examination of osk mRNA translational state difficult in this
mutant combination. However, several egg chambers of sufficiently late stages appeared to
contain a signal when stained with Osk antibody, indicating that premature translation does
indeed occur in these mutants (Figure 5-6C).
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Figure 5-6. Analysis of osk translation in different cup backgrounds. (A) A wild-type stage 8 egg chamber,
showing only background signal when stained for Osk (yellow). (B) A stage 9 egg chamber with a posterior
crescent of Osk protein. (C) A late stage 6 cup transheterozygous egg chamber, with patches of Osk protein
staining (white arrows). Failure of nurse cell chromatin decondensation is also visible (cyan arrow). (D) An early
stage 7 cup mutant egg chamber expressing the wild-type Cup transgene. Nurse cell chromatin appears diffuse,
and no Osk staining is visible beyond background. (E) A stage 9 cup transheterozygote expressing the wild type
Cup transgene possesses a posterior crescent of Osk protein, indicating normal translational regulation. (F) A
late stage 6 cup transheterozygote expressing the phosphomimetic Cup transgene. Nurse cell nuclear chromatin
fails to decondense, but no ectopic Osk signal is visible. A stage 10 cup mutant egg chamber expressing the same
transgene also exhibits a posterior Osk crescent similar to wild type. DAPI is magenta. All scale bars are 25µm.

Having established that this mutant combination acted in accordance with previous
examinations of cup, the wild type and phosphomimetic transgenes were crossed into this
mutant background to determine whether they were capable of rescuing these phenotypes.
Due to the late creation of non-phosphorylatable Cup transgenic flies, it was not possible to
perform this experiment in time for inclusion in the thesis.
Expression of the wild type transgene successfully rescued the egg chamber degradation
phenotype of the Cup mutants, with egg chamber progression through to stage 14 seen in
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many ovarioles. This allowed for the analysis of osk mRNA translation at different stages.
Staining with an Osk antibody did not show any significant signal during the early or middle
stages of oogenesis (Figure 5-6D), as would be expected were its translational repression
functional. From stage 9 onwards egg chambers contained a posterior crescent of Osk protein
with no ectopic localisation elsewhere in the oocyte or egg chamber (Figure 5-6E). This spatial
and temporal pattern for Osk is consistent with that of wild type egg chambers, suggesting
that the Cup-GFP transgene is capable of rescuing the cup mutant phenotype. Furthermore,
almost egg chambers examined at stage 9 onwards possessed decondensed nurse cell
chromatin as stained by DAPI, providing a further indication that this transgene was
functional. It should be noted that the number of eggs laid by cup transheterozygotes
possessing this transgene still appeared to be much lower than yw controls, indicating that
Cup function is perhaps not fully rescued throughout oogenesis. However, it appeared that
this construct could be utilised to study Cup phosphorylation in the context of translational
control of osk mRNA.
In contrast, the use of the phosphomimetic Cup transgene was largely unsuccessful in
rescuing the egg chamber degradation of cup transheterozygotes. The majority of egg
chambers degraded prior to stage 7, as in cup mutants, and egg chambers of earlier stages
largely exhibited a failure to decondense nurse cell chromatin. These results suggested that
the alteration of the Par-1 target sites in Cup to mimic phosphorylation compromised the
ability of the expressed protein to rescue cup mutant alleles. Such a finding indicates that
these phosphorylation sites likely play a functional role in the regulation of Cup activity.
Whilst very few egg chambers reached the later stages of oogenesis, the translation of osk
mRNA was assayed in these egg chambers through Osk antibody staining. Interestingly, no
premature translation of osk was seen in these egg chambers (Figure 5-6F). Furthermore, Osk
protein in the very few late-stage egg chambers which could be examined localised solely to
the posterior pole in a tight crescent, suggesting that precocious translation had not occurred
(Figure 5-6G). It should be noted that chromatin decondensation did appear to have occurred
in egg chambers which reached later stages, perhaps indicating that these were escapers in
which Cup function has been less-perturbed than in the majority of egg chambers. Regardless
of the extent to which this may be the case, the analysis of stage 6-7 egg chambers from these
different transgenic ovaries suggested that the disruption of normal Cup phosphorylation by
Par-1 affects the function of the protein, but not necessarily its function in the context of osk
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mRNA translational regulation. However, the preliminary nature of these experiments means
that no solid conclusions should yet be drawn from the data available.

5.3 Discussion
The coupling of mRNA localisation and translation is a vital step in the maintenance of
asymmetric protein gradients in a wide variety of cell types and species. In the context of
oogenesis, the constraining of osk mRNA translation to the posterior of the oocyte is known
to be vital for correct patterning of the embryo posterior (Kim-Ha et al., 1995). However, the
mechanism through which this repression is relieved in a location-specific manner has yet to
be determined.
The possibility that Par-1 phosphorylation of the osk mRNA translation repressor Cup acts to
disrupt its translational repression at the posterior remains interesting as a hypothesis, and
could provide a further functional link between cell polarity and maternal mRNA regulation.
However, due to extensive technical difficulties experienced during the course of this project,
it remains unclear to what extent this phosphorylation plays a role in regulating Cup function.
The finding that the wild-type Cup construct created herein appears to substitute for genomic
Cup in the context of osk translational regulation is encouraging, as it allows for experiments
with phosphorylation mutants to be undertaken in a controlled manner. However, it remains
unclear why fewer mature eggs are laid by cup transheterozygotes expressing this rescue
construct. It is possible that more distal genomic regulators are required to achieve adequate
expression levels at all stages of oogenesis, or that construct mosaicism results in insufficient
quantities of Cup protein. It is possible that any such changes in expression level could
sensitise the assay system, such that otherwise-mild perturbations to Cup phosphorylation
status could be exacerbated to produce more severe phenotypes. A more quantitative
analysis of Cup protein levels in egg chambers, such as through western blotting, should be
undertaken to confirm that expression of Cup from these transgenes is close to wild type
levels.
Preliminary results from rescue experiments with the phosphomimetic transgene suggest
that these Par-1 target sites are not necessarily required for osk mRNA translation, but may
play a role in other processes in the egg chamber. However, no firm conclusions should yet
be drawn from this data until the equivalent experiment with the non-phosphorylatable
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transgene has been undertaken. Though glutamic acid is chemically similar to phosphorylated
serine, their structure and charge remain sufficiently different that phosphomimetic
strategies are not always reliable. The mutation of serine to alanine does effectively remove
this phosphorylation site entirely, however, and thus is more likely to provide an osk mRNA
translation defect if this phosphorylation plays a mechanistic role in this process.
Though osk mRNA translational regulation is a crucial process modulated by Cup activity, osk
is not the only maternal mRNA regulated by Cup. Cup has also been shown to restrict the
translation or affect the localisation of gurken and orb, and likely affects nanos mRNA
regulation (Clouse et al., 2008; Wong and Schedl, 2011; Nelson et al., 2004). The regulation
of these mRNAs should also be tested using these different Cup transgenes, to determine
whether phosphorylation plays a role in their repression. Several of the same components
required for grk mRNA localisation, including squid, ovarian tumour, and hrb27c are also
required for the dispersal of nurse cell chromatin (Goodrich et al., 2004), and physically
associate with Cup in the context of grk translational regulation (Clouse et al., 2008). The
failure of the phosphomimetic Cup transgene to rescue chromatin state defects in the nurse
cells of many egg chambers could conceivably result from a disruption of the function of these
proteins in multiple developmental contexts. However, the mildly variable nature of the
chromatin decondensation defect in the allelic combination utilised within this work would
complicate the further study of this phenotype. The use of more severe cup alleles, which
exhibit more consistent defects in this process (Keyes and Spradling, 1997), would help to
provide a more clear-cut portrait of nurse cell chromatin state in these different rescue
experiments.
The difficulties in creating the Cup transgenic constructs likely stem from plasmid toxicity in
transformed bacteria. This is evidenced by the finding that growth of bacterial cultures at
30°C, which reduces expression of transgenes in the bacteria, resulted in a greater yield of
plasmid and a greater number of successful transformants for both the wild type and
phosphomimetic constructs. However, this method was not sufficient to ensure the correct
cloning of the non-phosphorylatable construct. It remains unclear why this is the case, though
the requirement of a codon-optimised gBlock containing the six substituted residues for
construct creation suggests an issue specific to the sequence of this construct as opposed to
its protein product. If Cup phosphorylation is found to be required for the correct translational
regulation of osk mRNA, it is likely that the individual disruption of each target residue would
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be required to determine which of these six sites are functionally relevant. Perhaps a better
approach for this study of individual residues would be the use of CRISPR to alter these single
amino acids in the endogenous Cup protein. This method would circumvent any potential
difficulties in the creation and integration of future plasmids, and would not require multiple
rounds of mutagenesis if each site were considered in isolation.
Further difficulties were encountered even after the successful creation of transgenic fly
stocks. The most notable such issue was the incomplete penetrance of Osk antibody, which
stymied attempts to determine whether translation had been affected following transgene
expression in cup mutant backgrounds. As it is possible that the non-phosphorylatable Cup
transgene could block osk mRNA translation, the inability for this antibody to incompletely
penetrate to the oocyte could result in an artefact being misattributed to a phenotype.
A more direct approach to study Osk protein translation, such as through the CRISPRmediated addition of a fluorescent tag to endogenous Osk protein, would minimise this
possibility. Alternatively, the use of an anti-Oskar antibody for western blotting would allow
for the quantification of Osk protein levels by analysis of band intensity, perhaps providing
further evidence for changes to osk mRNA translation. A further advantage to the use of
western blotting to analyse Osk levels would be that the levels of both isoforms of Osk could
be examined, to determine whether the phosphorylation of Cup by Par-1 affects the
translation of one or both Osk species. If Par-1 phosphorylation is found to play a functional
role in the regulation of Cup activity, it would also be important to validate that this
phosphorylation is constrained to the posterior of the oocyte through the generation of
antibodies which recognise phosphorylated Cup, and to show that this putative
phosphorylation pattern is ablated or lessened in par-1 hypomorphic mutants. It would also
be interesting to immunoprecipitate Cup transgenes to examine whether this
phosphorylation affects binding to osk complex components, and perhaps to use binding
assays to determine whether phosphorylation of Cup affects its affinity for eIF4E or its ability
to compete with eIF4G.
Whilst the phosphorylation of Cup to relieve translation repression of osk mRNA would
present a direct mechanism for Par-1 modulation of the osk complex, it is also possible that
the effect of Par-1 could be indirect. For example, Par-1 could phosphorylate other kinases to
induce their activation, resulting in their phosphorylating osk complex components to
regulate translation. A recent study found that Bruno, which is also required for osk
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translational repression, is phosphorylated by Protein Kinase A, and that this phosphorylation
affects the ability of Bruno to dimerise (Kim et al., 2015). If phosphorylation of Cup by Par-1
is not found to play a role in the regulation of maternal mRNAs, an investigation of Par-1
target sites on other kinases could perhaps be undertaken to determine whether these affect
Osk protein levels.
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Discussion and Future Perspectives
One of the most enduring questions in biology is the method through which complex organs
and tissues are derived from simpler precursors. Studies of gross morphogenetic changes, cell
fate, and cell signalling events have all lead to increasing levels of understanding with regards
to this developmental process in myriad organisms and contexts. It seems somehow fitting,
given the predilection of biologists for finding elegant beginnings to cascading intricacies, that
the first step in all such processes – the formation of body axes, the scaffold upon which all
future plans are built – has also proven one of the most difficult to decipher. The work in this
thesis has taken steps towards identifying the underlying mechanisms of Drosophila axis
formation by multiple angles of investigation.

6.1 A portrait of posterior follicle cell gene expression
A common theme of early development across the animal kingdom is that of the segregation
of polarity proteins to create cellular asymmetry. Though these proteins, and the crux of their
interactions, are well-conserved evolutionarily, the stage at which this establishment of
canonical cell polarity occurs differs between organisms, as does the cue for the breaking of
cell symmetry. In C. elegans, sperm donates this signal, whilst 8-cell mouse embryos are
capable of de novo polarity establishment without extraembryonic tissue. In Drosophila,
though the majority of research has been undertaken by examining mutants affecting the
oocyte, the process of axis formation in Drosophila is a direct result of the coordinated
interplay between the soma and germline prior to fertilisation.
A transcriptional analysis of the poorly-characterised posterior follicle cells undertaken herein
has provided important insights into potential mechanisms through which these cells could
signal to the oocyte to induce polarity. However, this analysis has not yet been able to
conclusively identify any specific signals or proteins involved in signal transduction. The
discrepancies between results from RNAi and CRISPR or extant mutant alleles precluded any
further characterisation of the phenotypes seen through knockdown. As was mentioned in
the discussion for Chapter 3, there are a number of potential reasons for these inconsistencies
including genetic compensation and false positive RNAi phenotypes due to off-target effects.
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However, these did not mean that interesting conclusions or hypotheses cannot be drawn
from the transcriptomics data.
A significant proportion of upregulated genes were actin regulators, suggesting that
cytoskeletal rearrangements may be a key process, either acting as a mechanical signal, or in
providing these cells with the competency to transduce a signal by, for example, influencing
the endocytic trafficking of vesicles containing the necessary molecule to be received by the
oocyte.
Another category of differentially regulated genes is ion and solute transporters, which
comprise a number of the genes that are upregulated in both the Pnt and Mirr datasets.
Whether their inclusion on both lists indicates genuine increases in both cell populations for
their respective genes, or whether it suggests that posterior follicle cells both increase and
decrease the expression of different ion channels cannot be concluded from the present data.
The purpose of such ion channels could be to alter the osmolarity of the intercellular space
between the soma and germline, leading to the detection of osmotic changes by the oocyte.
It could also be the case that changes in osmosis result in differential membrane tension of
the oocyte, inducing cytoskeletal alterations in response in a system similar to that identified
by Stewart et al. (2011).
Cumulatively these findings represent a broader point worth noting, which is that many of
the observed differences between posterior and lateral follicle cells are not necessarily due
to the upregulation of isolated genes but due to the expression of numerous genes affecting
the same process or biological property, such as tension or osmolarity. Since posterior follicle
cells play multiple roles in development beyond the generation of the anterior-posterior and
dorsal-ventral axes, there is no guarantee that these changes in expression play a specific role
in egg chamber patterning. However, were that the case it would explain why very few genes
that produce mutant phenotypes in posterior signalling have been identified, as the overall
process they effect may be otherwise unperturbed.
If further knockout or knockdown of candidate genes does not produce phenotypes in nuclear
release or cell polarity establishment, alternative strategies to circumvent this possibility
should be considered. Whilst treatment of ovaries with drugs to block these processes, such
as actin depolymerising agents or myosin inhibitors are tempting to use, their effect on the
germline would provide a significant confounding factor which would be difficult to untangle.
Perhaps a better approach would be to use an inducible gene expression system, such as
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MARCM (Lee and Luo, 1999) or a flippase cassette system (Struhl and Basler, 1993) to drive
individual upregulated genes in follicle cells patches in a grk transheterozygous background,
and see whether this is sufficient to elicit an oocyte response and rescue either axis defect.
Such an approach could overcome the difficulty in demonstrating necessity over sufficiency,
and uncover mechanisms which would defy analysis using only clonal methods.
Whilst the inclusion of terminally enriched genes has limited the clarity which can be gleaned
from this dataset, it is hoped that the second round of transcriptomics will produce a shorter
list more amenable to perturbation and analysis. With this list it would be interesting to probe
the sequence of each gene locus, as well as the surrounding genomic region, for known or
putative transcription factor binding motifs (Khamis et al., 2018), providing a holistic
perspective on how receipt of the Gurken signal alters the transcriptional activity of these
genes to elicit signalling to the germline. Additionally, if genes such as CG9095 are still noted
as being upregulated, it would also be worth producing double mutant flies for other, closelyrelated genes to discount the possibility of genetic compensation.
A surprising finding from a comparative analysis of these datasets was the limited number of
genes which were shown to be upregulated in posterior follicle cells. This is especially true
when it is considered that the 103 protein-coding genes identified thus far also contains those
which are upregulated by virtue of a terminal follicle cell fate. The actual list of posteriorspecific genes is likely to be even more precise. The microarray analysis of Wittes and
Schüpbach (2019) produced a broader list of upregulated genes, though it is unclear whether
this is due to the different method employed, or due to differences in data analysis such as
thresholding. However, it would be interesting to undertake an analysis of gene expression
using a technique such as RNA-seq to provide a direct readout of mRNA quantity following
the potential impact of post-transcriptional regulations. The unpublished data of Weronika
Fic has indicated that only the posterior follicle cells contacting the polar cell pair are required
to signal the release of the oocyte nucleus. If true, this would indicate the presence of
additional, as-yet unidentified subpopulations of posterior follicle cells established either due
to the high levels of Unpaired ligand these cells would receive, or due to the physical contact
with the polar cells. Regardless of their provenence, these cells perform a specific function
for which the other posterior follicle cells are dispensable. Single-cell RNA sequencing has
proven very successful in identifying novel cell subpopulations which would otherwise be
undetectable using previous technologies (Chen et al., 2019b). It would perhaps prove
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informative to undertake a single-cell analysis of posterior follicle cells in an attempt to shed
further light on both anterior-posterior and dorsal-ventral axis formation.
If the limited number of upregulated genes identified via Targeted DamID were shown to be
an accurate representation of the changes they make, it would raise the question of why their
differentiation results in such a small change in gene regulation. Given these cells have, by
the time of maturation into their final cell fate, activated the Unpaired, Notch, Hippo and Egfr
signalling pathways, it is possible that the sequential activation of each acts to constrain the
developmental trajectory of these cells further into their niche. Such a process is already
known to occur at the posterior, where expression of Mid/H15 in response to Gurken blocks
the later adoption of a dorsal-anterior fate (Fregoso Lomas et al., 2013). There are numerous
mechanisms which could enforce these cell fate decisions, such as epigenetic silencing (Verdel
et al., 2009) or gene occlusion (Gaetz et al., 2012). Assaying the transcriptional landscape of
these cells after perturbation of Mid/H15 could begin to determine whether any such
processes are at play in these cells, and further the study of follicle cell populations as a model
system for the role of antagonism to ensure correct specification.

6.2 Further characterisation of oocyte polarity establishment and axis formation
As oocyte polarity formation is a consequence of soma-germline interactions, the study of
both tissues is necessary if the entirety of the process is to be understood. Whilst
transcriptomics has opened new avenues of exploration for the follicle cell signalling, such
approaches would likely not have borne fruit for the germline given the oocyte nucleus is
generally transcriptionally inactive at the stages of interest (Mahowald and Tiefert, 1970) and
is therefore unlikely to alter gene expression in response to signal receipt. Unbiased forward
genetic approaches therefore remain the most effective method for the identification of
novel germline components of the axis formation pathways. The mutagenesis screen
undertaken during this study has identified a number of phenotypes in the localisation of both
oskar and bicoid mRNAs that merit further research and characterisation. However, given
defects in mRNA transport or anchorage are downstream of nuclear release and polarity
formation, these were eschewed during the present study in favour of an examination of the
mutant 3-4-13.
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The finding that CdsA is required for anterior-posterior axis formation provides a further link
between plasma membrane lipids and cell polarity, building upon studies of PIP2 synthesis by
Gervais et al. (2008). However, as discussed in Chapter 3, the phenotypic differences between
mutant alleles of cdsa and sktl do not provide a consistent portrait of how these lipids may
function in axis formation. It is possible that these differences are the result of the differing
severity of alleles used. Null mutants of sktl examined by Gervais et al. (2008) stalled at stage
4 of oogenesis, meaning that only hypomorphs could be examined. It is possible that a similar
case is true for cdsa, wherein null mutants result in a stall of oogenesis – as supported by the
lack of late-stage egg chambers in stronger cdsa mutant germline clones – and that the allele
utilised herein is a weaker hypomorph which only partially recapitulates the phenotype of
sktl. Analysis of the lipid profile of cdsa3-4-13 mutant ovaries through mass spectrometry,
similar to that undertaken by (Laurinyecz et al., 2016), could provide a quantitative evaluation
of the efficacy of the mutant protein. If this allele is deemed to be a weaker hypomorph then
the sourcing of stronger alleles, or the use of RNAi constructs to deplete cdsa transcript levels
in the germline, could result in more severe defects. If it is still the case that sktl and cdsa
produce different phenotypes, then the clonal analysis of further components of the lipid
biosynthetic pathway such as Phosphoinositide Synthase may help to provide an explanation
for these observations.
A study of additional fluorescent lipid sensors should also be performed to determine
whether any of these also show an asymmetric localisation. Given a number of lipid species
act as secondary messengers following receipt of an initial signal (Keltner and Gorman, 2016),
the identification of such an asymmetry within the oocyte could provide valuable insights into
the family of receptors activated by posterior follicle cell signalling.
Beyond a potential role for phosphoinositides in the establishment of polarity, there is limited
evidence to suggest which components lie upstream of the dual phosphorylation of Spaghetti
Squash. Though further characterisation of the cdsa mutant may help to provide further
answers, the identification of further novel components would aid in the elucidation of this
pathway. The undertaking of additional forward mutagenesis screens could aid in this
process. One such screen could be performed to identify genes affecting oocyte polarity
present on the X chromosome, which has yet to be analysed through such a manner in this
lab. Additionally, chromosome 4 remains almost entirely unexamined due to its small size and
lack of recombination, making it very difficult to examine mutants. However, the
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development of a new method for clone induction on the fourth chromosome means it would
now be possible to screen novel mutations on this chromosome as well (Sousa-neves and
Schinaman, 2012). A mutagenesis screen would reach saturation much faster than with other
chromosomes due to the small size of chromosome 4, and could potentially identify novel
factors required for axis formation.
Given the newly-identified role of Aurora A kinase in the establishment of polarity in the C.
elegans zygote (Zhao et al., 2019), it would be interesting to disrupt its ortholog during
oogenesis and see whether this has any effect on cell polarity. As Aurora A plays roles in both
mitosis and meiosis via regulation of the centrosome it is possible that its mutation in the
germline would block oogenesis during earlier stages and preclude functional studies of
polarity. However, it is possible to acutely perturb the function of modified analog-sensitive
kinases through the treatment of tissues with specific small molecule inhibitors (Lopez et al.,
2014). This approach has already been used to inhibit both yeast and human Aurora A (Koch
et al., 2012; Reboutier et al., 2013), and the use of a similar system in Drosophila may
circumvent any difficulties arising from pleiotropy.
Though difficulties in the creation of transgenic constructs hampered the study of Cup
phosphorylation by Par-1, the resolution of these issues will allow for functional analyses to
occur shortly. A mechanistic link between polarity proteins and mRNA translational regulation
would prove interesting for a multitude of reasons. Firstly, this would suggest a dual role for
the canonical polarity system in the regulation of osk mRNA, adding an additional layer of
complexity to the formation of the anterior-posterior axis. Secondly, such a mechanism would
represent a link between translational control and polarity which has not yet been
determined. The understanding of the downstream effects of cell polarity remain illcharacterised compared to the components required for its establishment. Given eIF4Ebinding proteins are conserved throughout evolution, as are polarity proteins, it would be
possible that such a mechanism of translational control could also function in other processes
in other species or cellular contexts. In particular it would be interesting to study whether
such a mechanism could be required in neurons to constrain protein localisation in concert
with previously-established mechanisms of mRNA localisation (Martin and Ephrussi, 2009).
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6.3 Final remarks
Though the studies undertaken over the course of this PhD have not provided conclusive
mechanisms for how the body axes form in the Drosophila egg chamber, they have opened a
number of potential routes of further investigation. If all such avenues were followed, then
greater insights may be gleaned into the nature of the signal sent from posterior follicle cells,
the pathway through which this signal is transduced in the germline to beget the anteriorposterior axis, and the downstream implications of polarity establishment. It is hoped that
these studies would provide a starting point for the analysis of identified mechanisms in other
organisms and developmental contexts.
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Appendix 1 – A list of genes upregulated in Pnt-Gal4-expressing
cells in the egg chamber

Gene ID
rdx
Pli
CG6966
Pkn
HDAC4
CG1888
Oamb
CG3226
CG42269
CG32119
Dpy-30L2
rod
Muc12Ea
CG10737
CG32640
sas
cta
ftz-f1
CG31883
Muc96D
nord
DAAM
fng
capt
Msp300
Tret1-2
AMPdeam
wmd
CG15046
CG4998
CG10993
Ca-beta
sima
ct
laza
Cyp4d20
CG33752

Flybase ID
FBgn0264493
FBgn0025574
FBgn0038286
FBgn0020621
FBgn0041210
FBgn0033421
FBgn0024944
FBgn0029882
FBgn0259164
FBgn0052119
FBgn0035491
FBgn0003268
FBgn0052602
FBgn0034420
FBgn0052640
FBgn0002306
FBgn0000384
FBgn0001078
FBgn0032122
FBgn0051439
FBgn0050418
FBgn0025641
FBgn0011591
FBgn0261458
FBgn0261836
FBgn0033644
FBgn0052626
FBgn0034876
FBgn0030927
FBgn0036612
FBgn0030524
FBgn0259822
FBgn0266411
FBgn0004198
FBgn0037163
FBgn0035344
FBgn0053752
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msi
CG11369
Hn
CG31729
CadN
CG11438
CG14443
Oatp74D
RhoGAP18B
Spn38F
nuf
bib
H15
Mad
wake
ena
CG45263
CG43427
Jupiter
pyd
csw
RluA-1
CG5522
CG8299
ush
pigs
CG10589
sdk
kay
CG12014
CG13135
CG9413
pnt
sn
E23
E23
sick
CG10869
Ccp84Ab
foxo
CG9205
CadN2
Tet

FBgn0011666
FBgn0029951
FBgn0001208
FBgn0051729
FBgn0015609
FBgn0037164
FBgn0029880
FBgn0036732
FBgn0261461
FBgn0028986
FBgn0013718
FBgn0000180
FBgn0016660
FBgn0011648
FBgn0266418
FBgn0000578
FBgn0266801
FBgn0263346
FBgn0051363
FBgn0262614
FBgn0000382
FBgn0051719
FBgn0034158
FBgn0034052
FBgn0003963
FBgn0029881
FBgn0037035
FBgn0021764
FBgn0001297
FBgn0035445
FBgn0032184
FBgn0030574
FBgn0003118
FBgn0003447
FBgn0020445
FBcl0703132
FBgn0263873
FBgn0031347
FBgn0004782
FBgn0038197
FBgn0035181
FBgn0262018
FBgn0263392
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CG5432
CG8713
mid
Sdr
CG2278
GV1
CG9095
pnr
CG31128
slif
Gr77a
CG17147
Gr39a
IP3K2
CG33128
DnaJ-H
CG10962
aos
Cpr66D
Pde11
Eip78C
Ptx1
tsl
CG32376

FBgn0039425
FBgn0033257
FBgn0261963
FBgn0038279
FBgn0030017
FBgn0027790
FBgn0030617
FBgn0003117
FBgn0051128
FBgn0037203
FBgn0045474
FBgn0260393
FBgn0264556
FBgn0283680
FBgn0053128
FBgn0032474
FBgn0030073
FBgn0004569
FBgn0052029
FBgn0085370
FBgn0004865
FBgn0020912
FBgn0003867
FBgn0052376

164

Appendix 2 – A list of genes upregulated in Mirr-Gal4-expressing
cells in the egg chamber

Gene ID
Ace
CG17493
Eip75B
Eip93F
p24-2
Sirup
CG10562
CG6209
eya
CG15615
CG7328
Cyp4p3
CG17816
CG15625
Teh1
Lnk
Dl
CG30460
Obp49a
CG43156
CG13760
CG11529
Cralbp
DIP-alpha
Diedel3
Dtg
CG31997
Su(dx)
msl-3
Cyp4d2
pum
mRpL40
Slc45-1
CG2837
CG8878
dj-1beta
CG10353

Flybase ID
FBgn0000024
FBgn0040010
FBgn0000568
FBgn0264490
FBgn0053105
FBgn0031971
FBgn0039326
FBgn0033862
FBgn0000320
FBgn0034159
FBgn0036942
FBgn0033397
FBgn0037525
FBgn0031644
FBgn0037766
FBgn0028717
FBgn0000463
FBgn0050460
FBgn0050052
FBgn0262686
FBgn0040375
FBgn0036264
FBgn0035636
FBgn0052791
FBgn0085358
FBgn0038071
FBgn0051997
FBgn0003557
FBgn0002775
FBgn0011576
FBgn0003165
FBgn0037892
FBgn0035968
FBgn0031646
FBgn0027504
FBgn0039802
FBgn0030349
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CG34357
CG14259
cv-c
CG8613
CG2267
CG4066
CG34384
Tsp96F
lilli
Sdc
Cpr67Fb
Lmpt
Nep1
CG1640
ND-15
CG15399
PH4alphaPV
CG1146
CG10092
SmD1
Ugt37a1
CG44174
bnb
CG11825
tilB
CG42748
RtGEF
CG4962
dpn
tef
Rcd2
betaTub97EF
RpI1
spir
CG13367
CG42663
Cad86C
CG8180
Cpr
CG43192
Idgf1
Rfx
v

FBgn0085386
FBgn0039483
FBgn0086901
FBgn0033924
FBgn0039792
FBgn0038011
FBgn0085413
FBgn0027865
FBgn0041111
FBgn0010415
FBgn0036110
FBgn0261565
FBgn0029843
FBgn0030478
FBgn0031228
FBgn0031460
FBgn0051015
FBgn0035346
FBgn0037526
FBgn0261933
FBgn0026756
FBgn0265063
FBgn0001090
FBgn0033519
FBgn0014395
FBgn0261802
FBgn0015803
FBgn0036597
FBgn0010109
FBgn0086350
FBgn0037012
FBgn0003890
FBgn0019938
FBgn0003475
FBgn0025634
FBgn0261545
FBgn0261053
FBgn0034021
FBgn0015623
FBgn0262821
FBgn0020416
FBgn0020379
FBgn0003965
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Zasp52
pHCl
pHCl
CG17190
trol
lt
Ir67b
px
Atg9
jdp
uex
Bin1
l(2)09851
RpI135
CG15005
CG13676
CG13306
form3
CG41242
CG13511
Gyc88E
Fancm
CG7884
CG6332
Kebab
klu
Cyp12a5
CG15096
CG43332
CG42390
18w
mirr
sty
CG14265
Cyp4g1
CG4935
sqz
CG33181
GEFmeso

FBgn0265991
FBgn0264908
FBgn0039840
FBgn0038761
FBgn0284408
FBgn0002566
FBgn0036083
FBgn0003175
FBgn0034110
FBgn0027654
FBgn0262124
FBgn0024491
FBgn0022288
FBgn0003278
FBgn0035508
FBgn0035844
FBgn0040828
FBgn0053556
FBgn0085569
FBgn0034759
FBgn0038295
FBgn0038889
FBgn0031001
FBgn0038921
FBgn0028952
FBgn0013469
FBgn0038680
FBgn0034394
FBgn0263037
FBgn0259736
FBgn0004364
FBgn0014343
FBgn0014388
FBgn0040393
FBgn0010019
FBgn0028897
FBgn0010768
FBgn0053181
FBgn0050115
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