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1. Summary
The Mendelian genetics concept relies on simple genotype-phenotype relationships with few
genes having major effects on the phenotype. However, many traits evolve by a combination of
variation in many genomic loci with minor phenotypic effects. Therefore, it is challenging to reveal
individual genes underlying natural variation in quantitative traits. Most genes do not act
individually, but they are interconnected in gene regulatory networks (GRNs). Revealing variable
nodes and modules within GRN, thus has the potential to gain mechanistic insights into phenotypic
evolution. The insect head that harbours the compound eyes is a complex quantitative trait that is
highly variable in Drosophila. The formation of the insect compound eye is determined by a complex
GRN composed of more than 5,000 genes. To reveal the molecular and developmental basis of
natural variation in eye size and head shape, I studied head development in Drosophila melanogaster
and D. mauritiana. Eye size varies in these two species due to differences in ommatidia number and
a trade-off between eye size and interstitial head cuticle has been observed. To reveal novel
candidate genes, I integrated several unbiased genome wide datasets, such as developmental gene
expression (RNAseq), chromatin accessibility (ATACseq) and quantitative trait loci mapping data.
This integrative approach unravelled 65 candidate genes, which I validated functionally for their
functional involvement in eye development applying an RNA interference screen. Phenotypically
relevant candidate genes were used to reconstruct a novel GRN module that contains
predominantly genes with variable expression between species. The addition of few extra genes to
this network allowed me to propose developmental processes that may be variable. I tested one of
these hypotheses functionally to show that Jim, Pnr and Upd are co-expressed during head and eye
development, suggesting a novel role of Jim during this process. Overall, my finding shows that a
GRN-centric approach is highly powerful to reveal the mechanisms underlying the evolution of
complex organ development.
-1-
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2. Introduction
2.1 Evolution of complex traits
Morphological, physiological, and behavioural traits are variable across animals in nature. The
phenotype is defined by a series of intricate and interconnected molecular processes which transfer
information stored in the genome of an organism. This concept of phenotype-genotype association
was already established in the early 1900’s (Johannsen, 1911). For some phenotypes/traits, the
association is rather simple, meaning that variation in one or few genes is related with variation in
the phenotype. For instance, variation in the stripe pattern in cichlid fishes is defined by variation
in the agouti-related peptide 2 gene (Kratochwil et al., 2018). Such “simple” traits suggest that
genotype-phenotype associations are predictable (Stern and Orgogozo, 2009). However, many
traits vary continuously, and the genetic basis of such quantitative traits is complex with many
genes contributing. An example for such a polygenic trait is the number of sensory bristles of
Drosophila melanogaster, which are altered by a collection of genes (Mackay, 1995). Genome-wide
association studies (GWAS) results for a number of quantitative traits suggest that many (polygenic
model), if not all (omnigenic model), genes influence a certain phenotype (Boyle et al., 2017). The
omnigenic model furthermore suggests that associated genes/loci do not act alone on the
phenotype and that each gene also contributes to more than one phenotype. Additionally, each
gene has only a minor impact (i.e. effect size) on the phenotype (Boyle et al., 2017; Tautz et al., 2020).
Support for this model comes from mapping approaches which often reveal many genetic variants
associated with quantitative trait differences, for instance, pupal length in Drosophila (Reeves and
Tautz, 2017; Zhang et al., 2021). Therefore, identification of individual genes associated with
quantitative phenotypic differences is often impossible. One solution could be revealing network
modules and sub-networks related to certain biological processes via analysing different
quantitative genetics data (Fagny and Austerlitz, 2021). One such process could be development as
-2-
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Evo-devo over the last decades established that variation in developmental processes influence the
evolutionary changes (see review in (Müller, 2007; Hall, 2012). And thus, Gene Regulatory Networks
(GRNs) controlling these processes are important for variation in adult traits (Fagny and Austerlitz,
2021). Therefore, the major goal of this PhD thesis was revealing variable GRN modules that
underlie developmental processes related to adult morphological variation.

2.2 Evolution of the visual system
Many animals rely on their visual system to obtain relevant environmental information, such as
detection of prey, predators, or mates (Land and Nilsson, 2006). The morphology of the visual
system is extremely variable to adapt to different environmental conditions. Such morphological
variation in the visual system can vary the optical performance, which is related to the lifestyle of
certain species (Nilsson, 2009). For instance, the separated binocular eyes (i.e. Holoptic eyes) in
Damselflies, Calopteryx, are correlated with their frontal target tracking system. While in many
dragonflies, the eyes are fusing compound eyes (i.e. Dichopic eyes) at the dorsal surface that
facilitates intercepting prey from below (Supple et al., 2020). This correlation is also evident in an
extreme example, which is the loss of eyes in cave fish, Astyanax mexicanus, which is an adaptation
to the darkness of caves (Rétaux and Casane, 2013). The eye evolution can increase the ecological
fitness of animals. A theoretical model from Nilsson and Pegler in 1994 demonstrated that an eye
can evolve gradually by numerous slight modifications in less than 400,000 generation (Nilsson
and Pelger, 1994). The quick evolution of eye morphology and function is best exemplified in cave
fish, where the loss happened within one to five million years (Gross, 2012; Gross et al., 2015).
The different morphologies of eyes allow defining 65 eye types (v. Salvini-Plawen and Mayr, 1977).
In general, these eye types can be categorized in two major groups, camera eyes (single lens eyes)
and compound eyes (multiple lenses eyes), and both of them allow high resolution vision (Figure
2.1, A and B). Due to the diversity in eye morphologies, it was thought that eyes evolved 40-65 times
-3-
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independently (v. Salvini-Plawen and Mayr, 1977). However, molecular data suggests that the
visual systems of animals are based on the same core molecular machinery. Eyes evolved from an
eyespot to a camera eye or a compound eye (Schwab, 2018). All visual systems contain a lightsensitive membrane (i.e. retina), light-sensitive proteins (i.e. opsins) with highly conserved
structure (Porter, 2016) and the development of visual systems is based on a highly conserved
homeobox gene family, pax6 (Halder et al., 1995; Tyas et al., 2006; Fishman, 2008; Schwab, 2018).
These conserved essential components support that the eyes have evolved from the common
ancestor of all animals.
The compound eyes of insects are especially exciting as they are composed of many ommatidia.
Each ommatidium consists of a rhabdom with a lens on top and pigment cells (Cagan, 2009). Those
eyes, which provide a high-resolution image, have evolved from simple tasks (light detection)
(Figure 2.1, A) (Nilsson, 2009, 2013). Compound eyes which facilitate complex behavioural tasks
evolved independently in crustaceans and insects (Figure 2.1, B) (Nilsson, 2009, 2013) and they can
be further categorized into apposition compound eyes and superposition compound eyes (Nilsson,
1989; Land and Nilsson, 2012). The apposition compound eyes are made by multiple
microlensphotoreceptors (i.e. ommatidia) sitting next to each other and having pigment
throughout what results in an isolated image for each ommatidium (e.g. Chelicerata, Crustacea and
Instecta) (Figure 2.1, B) (Land and Fernald, 1992). On the contrary, the superposition compound eyes,
which are found in many nocturnal insects (e.g. moths and beetles), have a wide clear zone between
the retina and the lenses that bundle information from multiple ommatidia (Warrant, 1999). The
earliest recorded compound eyes belong to Trilobite, Schmidtiellus reetae Bergström, at the
Cambrian period around 540 million years ago, which was found in 1973 (Figure 2.1, C)
(Schoenemann et al., 2017; Schoenemann and Clarkson, 2021). The early creatures in the Cambrian
were coloured, which supports the importance of vision at that time. So, the very first eye must have
-4-
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existed even before that (Parker, 2004; Fishman, 2008). However, there are not many fossils that
can elucidate visual system evolution, since complete eye structures are hardly preserved
(Schoenemann et al., 2017). Although the first compound eyes were not found yet, the apposition
compound eyes of trilobites are believed to be an early common ancestor eye of insects
(Schoenemann and Clarkson, 2020). Hence, the visual system of animals and specifically insects, is
an important and highly variable complex morphological structure. Therefore, I use the
morphology of the visual system as model to study genotype-phenotype associations of complex
traits.

-5-
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Figure 2.1. The evolution of animals’ eyes (A), (B) from Nilsson, 2013. (C) The first compound eyes from Trilobite photo
modified from Schoenemann and Clarkson, 2021.

2.3 Variation of eye size among insects
Although compound eyes are the dominant eye type across all Insecta, the size and shape of
compound eyes are very variable. The eyes of Pipunculidae flies cover almost the entire head with
-6-
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about 4,500 ommatidia (Figure 2.2, A) and Myrmecia ants have the largest eyes in the ants’ world
with 3,000 ommatidia (Narendra et al., 2011). In contrast, individuals of a subterranean ant species
of the genus Crematogaster only have one ommatidium (Figure 2.2, B) (Hosoishi, 2019; Casares and
McGregor, 2020).
In many insects, the number of ommatidia (i.e. the eye size) correlates with visual activity
(Gonzalez-Bellido et al., 2011; Land and Nilsson, 2012) and thus with ecological needs. In Australian
Myrmecia ants, the number of ommatidia correlates with periods of activity during day or night,
respectively: Night-active ants have bigger eyes with more ommatidia (Narendra et al., 2011). The
correlation between eye size and the lifestyle is also evident in honeybees, where the enlarged eyes
of Apis florea drones are related to its specific mating flight times (Streinzer et al., 2013).

Figure 2.2. (A) The eyes of Pipunculidae flies with more than 4,500 ommatidia (Figure from Casares and McGregor, 2020)
(B) The eye of Crematogaster with only one ommatidium (Figure from Hosoishi, 2019).

The structure and function of compound eyes is very well studied in the insect model system
Drosophila melanogaster. The compound eyes of D. melanogaster are composed of about 800
ommatidia. One ommatidium contains six large photoreceptor cells that obtain motion signals and
two central small photoreceptors on top of each other for colour vision. The subsequent neural
pathways transmit the orientation, motion and colour visual stimulus into the lamina and trigger
the corresponded behaviour (Rister et al., 2007).

-7-
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Intriguingly, recent studies showed that extensive variation in eye size across Drosophila species,
including D. melanogaster, exists in nature (Posnien et al., 2012; Arif et al., 2013; Keesey et al., 2019;
Gaspar et al., 2020; Reis et al., 2020). A broad survey across 62 species within Drosophila was done
by Kessey and colleagues in 2019 showing that eye size varies in flies with similar body sizes in many
pairwise species comparisons (Keesey et al., 2019). Interestingly, a trade-off between the visual (i.e.
eye lobes) and the olfactory (i.e. antennal lobes) system seems to exist in Drosophila: flies with
bigger eyes tend to rely more on the visual system (e.g. species with light-dependent courtship
behaviour), while flies with smaller eyes tend to use more the olfactory system (Keesey et al., 2019;
Ramaekers et al., 2019). Although it is well established that variation in sensory systems is highly
associated with adaptation to new environments (Gaspar et al., 2020; Özer and Carle, 2020), it
remains unknown how such a trade-off is regulated on the molecular and developmental level.
Eye size (i.e. eye surface area) differences have been shown to be positively correlated with the
number of ommatidia in the species examined by Keesey and colleagues (i.e. D. americana, D. busckii,
D. pseudotalamancana, D. funebris, D. melanogaster, D. suzukii, D. pseudoobscura and D. subobscura)
(Keesey et al., 2019, 2020). Similar correlations were observed for the eye size variation in
D. melanogaster and D. mauritiana (Posnien et al., 2012). However, variation in eye size between
D. melanogaster and D. simulans is caused by differences in the surface area of facets (Posnien et al.,
2012; Gaspar et al., 2020; Torres-Oliva et al., 2021). Therefore, eye size can be influenced by the
number of ommatidia or the size of ommatidia (Posnien et al., 2012; Gaspar et al., 2020).

2.4 Eye and head development in D. melanogaster
The Drosophila adult head, including the compound eyes, develops from larval eye-antennal discs
(Figure 2.3). The eye-antennal discs originate from a few embryonic cells (i.e. eye precursors) which
form an unpatterned monolayer epithelium at 13-15 h After Egg Laying (AEL) (first instar larvae)
(Mandaravally Madhavan and Schneiderman, 1977). Throughout larval development, the different
-8-
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organ precursors are specified, the discs grow extensively, and photoreceptor cells differentiate in
the retinal region (see review in (Casares and Almudi, 2016)).

Figure 2.3. (A) Schematic overview of eye-antennal disc development. (B-C) The fate map of the late L3 eye-antennal
disc (B) and corresponding adult structures (C) (Figure from Casares and McGregor, 2020).

During early larval stages, the highly conserved pax6/eyeless (ey) gene is expressed throughout the
eye-antennal disc (Halder et al., 1998). Growth of the disc and opposing morphogen gradients result
in the activation of cut expression in the future antennal region (Dong et al., 2002) and ey expression
gets restricted to the future retinal region (Halder et al., 1998). Ey activates a number of target genes,
which are connected among each other and with ey in a complex gene regulatory network, the
retinal determination gene network (RDGN) (Figure 2.4). Loss-of-function of genes in the RDGN
lead to severe eye reduction or complete eye loss phenotypes. Those genes are assumed as “master
regulatory genes” (Desplan, 1997), which also include eye gone (eyg) (Yao and Sun, 2005), sine oculis
(so) (Weasner et al., 2007), eyes absent (eya) (Bonini et al., 1993, 1997) and dachshund (dac) (Shen and
Mardon, 1997). Ey is on top of the RDGN controlling the cell growth, specification, and patterning
via regulating all the other “master regulatory genes” (Halder et al., 1995; Gehring, 1996). The RDGN
-9-
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is not a linear regulation pathway, because the target genes of Ey actually work as a circuitry with
regulatory loops (Figure 2.4) (Desplan, 1997; Kumar, 2009a; Sánchez-Aragón et al., 2019). For
example, Eya-So-Dac act as a complex which is confirmed in previous studies (Pignoni et al., 1997;
Chen et al., 1999; Wang and Sun, 2012).

Figure 2.4. Scheme of genetic interactions of the RDGN. The genes in the boxes represent genes that interact. The black
links represent validated regulation, while the blue links show suggested relationships (Figure modified from SánchezAragón et al., 2019).

Once the eye-antennal disc is subdivided into the different head regions, the retinal part of the disc
is composed of two main regions along the anterior-posterior axis: In the anterior part adjacent to
the antennal region, cells proliferate, while a dynamic wave of differentiation is established in the
posterior part of the retinal region. The cells within this wave change their shape to form a visible
indentation, the so-called morphogenetic furrow (MF). The MF moves from posterior to anterior
across the retinal part of the eye-antennal disc (Ready et al., 1976; Wolff and Ready, 1991). so and eya,
are expressed in the posterior region of the eye-antennal disc before the MF forms (Bonini et al.,
1993; Bessa et al., 2002), and induce the initiate of the MF from the posterior region (Figure 2.5, B)
(Pignoni et al., 1997). In general, the cells posterior to the MF differentiate, while those anterior to
the MF proliferate (Figure 2.5, A). It is confirmed that hedgehog (hh) and BMP2/4 gene decapentaplegic
(dpp) act in a feed-forward-loop (FFP) to differentiate the photoreceptors, which results in a
- 10 -
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forward-moving wave of differentiation (Figure 2.5, B) (Rogers et al., 2005; Casares and Almudi,
2016). Additionally, the Upd/Jak/STAT pathway represses wingless (wg) expression to trigger the
initiation of the MF (Figure 2.5, B) (Vollmer et al., 2017). The ectopic misexpression of upd results in
the more photoreceptors, which leads to larger eye (Bach et al., 2003; Tsai et al., 2007). Those
findings suggest that the overexpression of upd messes up the initiation of MF and leads to the
larger eye in Drosophila. At the end of larval development, the pool of dividing cells is used up and
the final eye size is more or less defined.

Figure 2.5. (A) Morphogenetic furrow (MF) in the developing eye-antennal disc. (B) The gene regulatory networks
posterior (right) and anterior (left) to the MF region. a, anterior; p, posterior; FMW, First Mitotic Wave; SMW, Second
Mitotic Wave (Figures from Casares and Almudi, 2016).

A recent re-analysis of the role of Ey during retinal development revealed an interesting novel
process in which this protein is involved (Baker et al., 2018). Baker and colleagues showed that a
critical function of Ey in initiating the MF is based on its expression in the peripodial epithelium (PE),
an epithelial layer that covers the disc proper (DP) (Auerbach, 1935). Since the function of the PE
had been underestimated by the researchers for decades (see review in book (2020)), our
knowledge about the function of the PE is still limited. Intriguingly, however, other crucial genes
involved in eye and head patterning are expressed in the PE. For instance, the GATA transcription
- 11 -
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factor Pannier (Pnr) is expressed in the PE throughout larval eye-antennal disc development (Oros
et al., 2010) and loss- and gain-of-function experiments showed that Pnr is required for establishing
the dorsal-ventral boundary in the eye-antennal discs through regulating its downstream genes,
wingless (wg), mirror and fringe (Maurel-Zaffran and Treisman, 2000).
In summary, the eye-antennal disc is determined by the interaction of many well-known
developmental gene products, which are organized in the RDGN and control various
developmental processes, such as disc growth, patterning and differentiation of photoreceptors.
Additionally, the PE may play an important role during retinal development that has been poorly
acknowledged.

2.5 Genetic basis of eye size and head shape variation
Recent studies attempted to unravel the genetic architecture of inter- and intra-specific eye size
and head shape variation in Drosophila (Arif et al., 2013; Norry and Gomez, 2017; Gaspar et al., 2020).
In general, those findings suggest a complex architecture with multiple genes involved. For
instance, several quantitative trait loci (QTL) on the X chromosome have been identified for eye size
variation between D. simulans and D. mauritiana (Arif et al., 2013) and a large group of genes have
been linked to intra-specific variation in D. melanogaster (Carreira et al., 2013, 2016; Norry and
Gomez, 2017). In contrast, Ramaekers and colleagues identified a single nucleotide polymorphism
(SNP) in the eyeless locus that explain a considerable portion of variation in eye size among
D. melanogaster laboratory strains (Ramaekers et al., 2019). Interestingly, the observed variation in
ey expression during eye and head development could explain, both the increase in eye size and the
reduction of interstitial head cuticle size (Ramaekers et al., 2019), suggesting that the same genetic
variant can simultaneously affect both traits. Support for this analysis comes from a mapping study
in D. melanogaster populations that revealed at least one QTL that had opposite effects on both head
traits (Norry and Gomez, 2017). However, an inter-specific mapping analysis in D. simulans and
- 12 -
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D. mauritiana revealed distinct QTL for eye size and interstitial head cuticle size variation (Arif et al.,
2013).
Overall, D. mauritiana and D. melanogaster are excellent models to study the molecular and
developmental basis of eye size variation because eye size varies due to ommatidia number
differences and a trade-off between retinal tissue and head cuticle has been observed (Posnien et
al., 2012; Buchberger et al., 2021). And, the data obtained so far revealed contrasting results and
they suggest that natural variation in Drosophila eye and head morphology is as a polygenic trait
with many loci contributing to the phenotypic differences. However, the exact developmental
mechanisms are not well understood. Therefore, in my study, I started to reveal the GRN modules
and subnetworks underlying the eye size variation between D. melanogaster and D. mauritiana.

2.6 Potential developmental mechanisms underlying eye size and head shape variation in
Drosophila
The eye size variation is negatively correlated with the size of other head tissues, such as the
interstitial head cuticle on head (e.g. face width and size of antenna) (Posnien et al., 2012; Arif et al.,
2013; Norry and Gomez, 2017; Ramaekers et al., 2019; Gaspar et al., 2020; Buchberger et al., 2021;
Torres-Oliva et al., 2021). In general, those findings suggested that this trade-off is defined during
the development of the eye-antennal disc as the adult eye/head morphology forms from it.
Accordingly, adult flies with larger eyes should also contain larger eye fields in the developing
eye-antennal discs (Posnien et al., 2012; Ramaekers et al., 2019; Gaspar et al., 2020).
In the previous findings, several genes have been identified as essential genes in the developing
eye-antennal discs, which participate in regulating the eye size and correlate with the trade-offs.
For instance, it was confirmed that the differential expression of pnr affects the ommatidia number
and interstitial cuticle size between D. melanogaster and D. mauritiana (Buchberger et al., 2021). And
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a SNP affecting the regulation of ey expression modifies the proportion between the antennal and
eye region (Ramaekers et al., 2019).
Additionally, the posterior-to-anterior progression of the MF affects the eye size in adult flies
(Casares and McGregor, 2020). This means, the more anterior the MF moves across the
eye-antennal disc, the more rows of ommatidia form, which results in bigger eye size (Casares and
McGregor, 2020). Therefore, it has been suggested that genes involved in the MF initiation and
progression in the developing eye-antennal discs also correlate with the determination of eye size
in the adult fly (see review in (Kumar, 2012)). In summary, variation in multiple developmental
processes can influence the eye size in the adult of Drosophila, such as the differentiation of eye
primordium, the rate of proliferation, the speed of cell differentiation and the size of ommatidia
(Casares and McGregor, 2020).
Besides the well-studied processes that regulate eye and head development, many more genes are
involved in the morphogenesis of the visual system. For instance, when mapping putative
regulatory interactions of genes involved in eye-antennal disc development, the resulting complex
GRN is composed of 5,632 genes (Potier et al., 2014). For many parts of this network, a thorough
understanding of related developmental processes and the potential to contribute to natural
morphological variation is unknown. Therefore, I aimed to reveal genes, network modules and
sub-networks and related developmental processes that contribute to variation in eye size and
head shape between D. melanogaster and D. mauritiana.

- 14 -

3. Materials and Methods
3.1 Candidate Genes
3.1.1 Identification the candidate genes
To reveal putative candidate genes involved in the eye size and head shape variation between
Drosophila melanogaster and D. mauritiana, multiple unbiased genome wide datasets were integrated
(see Figure 4.1): First, all genes expressed during eye-antennal disc development were identified from
a previously published RNAseq dataset for D. melanogaster (Torres-Oliva et al., 2018) (Figure 4.1 A).
Among the expressed genes, I extracted those genes that were previously shown to be differentially
expressed between D. melanogaster and D. mauritiana at padj < 0.05 at at least one of the three studied
stages (72 h, 96 h, and 120 h After Egg Laying (AEL)) (Buchberger et al., 2021) (Figure 4.1 B). Next, I asked,
whether differentially expressed genes were also positional candidates obtained by previously
published quantitative trait loci (QTL) mapping data that revealed genomic regions associated with
intra-specific variation in eye size and head shape in D. melanogaster (Carreira et al., 2013, 2016; Norry
and Gomez, 2017). Note that intra-specific variation in D. melanogaster is also caused by differences in
ommatidia number (Carreira et al., 2013, 2016; Norry and Gomez, 2017) and larger eyes form at the
expense of interstitial cuticle, as observed between D. melanogaster and D. mauritiana (Posnien et al.,
2012). Positional candidate genes located in QTL regions (Table 3.1) were identified by mapping the
QTL region on genomic coordinates onto the D. melanogaster genome (version 6.13) by using Integrated
Genome Browser (IGB, version 9.1.2) (Figure 4.1 C). Once the coordinated genes (FlybaseID) were found
and extracted, the gene names were annotated by using the Database for Annotation, Visualization
and Integrated Discovery (DAVID, https://david.ncifcrf.gov/conversion.jsp). The obtained positional
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candidate genes were compared to the list of differentially expressed genes using the “Relationship
Tools” in Microsoft Access (version 2019). This data integration resulted in 256 genes (Figure 4.1).
Table 3.1 Published quantitative trait loci associated with eye size variation. Chr, chromosome

Approach
QTL

Quantitative
Tests

Chr.
2L

Complementation 2L

Quantitative genetic analyses

2R
3L
X

Coordinates/Genes
5,943,642-9,279,771

Source
Norry & Gomez, 2017

Fasciclin 3, Reticulon-like 1

Carreira et al., 2016

CG43340
jim
Drak

Carreira et al., 2013

The number of differentially expressed positional candidate genes was further reduced by integrating
two types of information: 1) All differentially expressed positional candidate genes with the GO term
“eye-antennal disc morphogenesis” (GO: 0007455) and/or “compound eye morphogenesis”
(GO: 0001745) were added to the final candidate gene list (Figure 4.1 D). Note that one positional
candidate gene (wg) that was not differentially expressed but had the GO term “compound eye
morphogenesis” (GO: 0001745) was added to the candidate gene list as well (Figure 4.1 D). 2) To
distinguish between genes which were differentially expressed due to changes in their own regulatory
region (i.e. divergence in cis) and those with changes in expression or function of factors controlling
their expression (i.e. divergence in trans), I integrated information from an allele-specific expression
dataset that has been established and analysed previously (Torres-Oliva, 2016). Specifically, all
differentially expressed positional candidate genes with signature of cis-regulatory divergence at at
least one of the three studied stages were included in the final candidate gene list (Figure 4.1 E).
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Additional candidate genes were obtained by including putative regulators of pnr because this gene
has been identified as crucial factor involved in eye size and head shape variation between
D. melanogaster and D. mauritiana (Buchberger et al., 2021)(Figure 4.1 F). To this end, the open
chromatin regions in the pnr locus were identified from a previously established chromatin
accessibility dataset (ATACseq) (Buchberger, 2019). Those regions were mapped to the reference
genome (dm6) using Intergrative Genomics Viewer (IGV, version 2.10.0) and the sequences were
extracted. Sequences for all open chromatin regions were combined into one FASTA file and MEME
suite (version 5.4.1) was used to predict motifs for potential transcription factors.
3.1.2 Reconstruction of gene regulatory networks
To analyse potential functional interactions of the identified candidate genes, several gene regulatory
networks (GRNs) were constructed using the GeneMANIA (Gene Function Prediction using a Multiple
Association Network Integration Algorithm, version 3.5.2) tool (Warde-Farley et al., 2010; Franz et al.,
2018) (Figure 4.9) in the Cytoscape app (version 3.8.2). One network was constructed for the candidate
genes and pnr, which were defined as nodes and edges were based on information stored in common
databases: (i) predicted interactions (based on known functional relationships from another organism
in Integrated Interactions Database), (ii) shared protein domains (e.g. from InterPro, SMART and Pfam
databases), (iii) co-expression (from Gene Expression Omnibus (GEO) and publications (e.g.
(Beckstead et al., 2005; Zhao et al., 2010; Guruharsha et al., 2011)), (iv) co-localization (Frise et al., 2010),
(v) genetic interaction (from BioGRID and IRefIndex) and (vi) physical interaction (from BioGRID and
IRefIndex).
To test if the connectivity of the candidate gene GRN was different from networks based on randomly
selected genes, several additional networks were constructed using the procedure described above.
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The nodes for these random networks were based on genes selected from gene lists obtained
throughout my screening pipeline (Table 4.1). From each gene list I randomly selected 19 genes (i.e.,
the same number as candidate genes) and the random selection and network reconstruction was
performed ten times for each gene list (Figure 3.1. A). To avoid the technical bias, I constructed the
networks including those gene lists associated with wing tissues as outgroup comparison. The
candidate gene based GRN was compared to the random networks based on connectivity (i.e., number
of edges) and the quality of predicted connections (i.e. source of edge information) (Figure 3.1 B). I
analysed the quality of networks by comparing the percent of number of edges of each data source
(e.g., physical interaction) in relation to the total number of edges (Figure 3.1 C).
To provide a broader regulatory context to the candidate gene network, additional 20 genes were
added to the network using the GeneMANIA tool. Those 20 genes were automatically chosen because
they had the biggest impact on increased connectivity within the candidate gene based GRN (Figure
3.1 D).
Since this extended candidate gene network (incl. the 20 additional genes) was based on predicted
interactions from multiple databases without directionality of the edges, I eventually assessed
putative direct interactions between some nodes of the network. To this end, I predicted transcription
factor binding motifs in genomic regions that were accessible during eye-antennal disc development
as inferred by ATACseq data from three stages (Buchberger et al., 2021) (Figure 3.1 F). Open chromatin
peaks in putative regulatory regions of the 19 candidate genes were extracted. A BED file containing
14,511 ATACseq peaks, which were found among three developmental stages (Buchberger et al., 2021),
was uploaded into the genome browse, IGV. Peak sequences in putative regulatory regions (i.e. up to
5 kb upstream of transcription start, in introns and in intergenic regions) were extracted as FASTA file
18
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and

the

MEME

suite

(version

5.4.1)

(Bailey

and

Elkan,

1994)

https://meme-

suite.org/meme/tools/meme) was used to search for individual motifs in those sequences and motifs
were aggregated using MAST (motifs with E-value < 0.05) (Bailey and Gribskov, 1998). Identified motifs
were annotated to transcription factors (TFs) using the motif comparison tool Tomtom (version 5.3.3)
(Gupta et al., 2007) based on motif databases (e.g. OnTheFly, Fly Factor Survey, FLYREG, iDMMPMM
and DMMPMM). Information of putative direct TF binding motifs was used to infer direct and
directional interactions between candidate genes within the extended network (Figure 3.1 G). For
instance, if the motif of gene 1 was found in an open chromatin region of gene 2, a direct interaction
from gene 1 gene 2 was added to the network. Note that additional genes predicted to regulate the
expression of jim and with GO term "compound eye morphogenesis (GO: 0001745)" or/and
eye-antennal disc morphogenesis” (GO: 0007455) were added to the extended network based on the
motif search.
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Figure 3.1. The workflow for network construction. The grey arrow represents the direction of workflow.

3.1.3 GO term enrichment analysis
To understand the biological function of the candidate genes, as well as the 20 genes that were added
to the GRN to increase connectivity within the network, I used the GO enrichment tool (WEB-based
GEne SeT AnaLysis Toolkit) (http://www.webgestalt.org/) (Wang et al., 2017) (Figure 3.1 E). I applied
the Over Representation Analysis method and searched for their gene ontology in biological process.
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3.2 Functional validation experiments
3.2.1 Fly husbandry and crosses
All fly stocks and crosses were kept on standard food under 12/12 (day/night (hr)) cycle at 18°C, 25°C, or
29°C depending on the experiment. For crosses, five to seven males were placed in food vials with 10 to
15 virgin females. For egg collections, males and virgins were transferred to small cages which were
covered with apple agar plates and yeast.
3.2.2 RNA interference using UAS/Gal4 binary expression system
For the RNA interference (RNAi) screen I employed the UAS/ Gal4 system (Brand and Perrimon, 1993).
Crosses were performed at 25°C and 29°C using virgins of the eyeless (ey)-Gal4 driver line (BDSC #5535)
and males of UAS-RNAi lines (see Table 3.2). When available, I used three UAS-RNAi lines from the
Vienna Drosophila Resource Center (VDRC) and Bloomington Drosophila Stock Center (BDSC),
respectively. The expression of the ey-Gal4 driver line in the eye-antennal disc was confirmed by
crossing females with males of the reporter line UAS-stinger-GFP (BDSC #84277).
To study the genetic interaction between jim and pnr using RNAi, I crossed the 10 females of pnr-Gal4
lines to five males of Jim UAS-RNAi lines (see Table 3.2). The expression of the pnr-Gal4 driver line in
the eye-antennal disc was confirmed previously (Buchberger et al., 2021). On the contrary, I crossed the
10 virgin females of jim-Gal4 lines with five males of UAS-RNAi lines of pnr (BDRC #101522). Moreover,
to study the function of Jim specifically in the peripodial epithelium, I performed the loss-of-function
of jim with c311-Gal4 driver line (BDSC #5937). The expression of c311-Gal4 driver line in the peripodial
epithelium was previously confirmed (Baker et al., 2018). To confirm the effect of RNAi, I also crossed
five males of UAS-RNAi lines (i.e., for Bace, Trl and Atac1) with 10 females of other Gal4 lines (tsh-Gal4,
elav-Gal4, and dpp-Gal4), whose expression is confirmed previously (see Table 3.3).
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Table 3.2 UAS-RNAi lines used in this work.

VDRC/ BDSC ID
2842
43571
105626
61984
36092
108992
57250
15541
110785
45028
80438
12371
107837
38460
57486
102250
107513
108103
58099
38946
108688
110244
24052
22019
106081
27660
108197
107040
8018
42462
24097
107626
109500
43547
29050
101971
16877
24047
108362
77398

Library
VDRC
VDRC
VDRC

Gene
CG9555
Aasdh
Aasdh
Aasdh
Atac1
Atac1
Atac1
Bace
bchs
bchs
brk
CG11050
CG11050
CG11236
CG11236
CG13795
CG14275
CG16947/ Rchy1
CG16947/ Rchy1
CG31898
CG31898
CG42370
CG42370
CG5160
CG5160
CG5160
CG6739
CG7231
CG7466/ Megf8
CG7466/ Megf8
CG8419
CG8419
CG9107
CG9107
CG9147
CG9147
CG9150
CG9498
CG9498
CG9510/ Argl

BDSC
VDRC
VDRC

BDSC
VDRC
VDRC
VDRC

BDSC
VDRC
VDRC
VDRC

BDSC
VDRC
VDRC
VDRC

BDSC
VDRC
VDRC
VDRC
VDRC
VDRC
VDRC

BDSC
VDRC
VDRC
VDRC
VDRC
VDRC
VDRC
VDRC

BDSC
VDRC
VDRC
VDRC
VDRC
VDRC

BDSC
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46378
11730
102426
51025
104628
102759
106971
35799
7779
33370
102550
12555
26319
105258
51297
31987
107263
32960
44524
51474
33680
101428
28820
55926
330460
12698
45622
45634
104201
28385
3247
3248
33155
100391
50612
102440
2796
28554
7628
7629
61955
27254
105380

VDRC
VDRC
VDRC

CG9555
CG9568
CG9568
CG9568
CG9586
chic
cka
cort
crol
CSN8
dachs
dachs
da
da
da
dar1
Drak
Drak
gl
Gpdh
grh
grh
grh
grk
jim
jim
Kfase
lectin-28C
lectin-28C
milt
mtsh
mtsh
pes
pes
pes
Piezo
Piezo
prg
pvf2
pvf2
pvf2
Rat1
Rat1

BDSC
VDRC
VDRC
VDRC

BDSC
VDRC

BDSC
VDRC
VDRC

BDSC
VDRC
VDRC

BDSC
VDRC
VDRC
VDRC

BDSC
VDRC
VDRC

BDSC
BDSC
VDRC
VDRC
VDRC
VDRC
VDRC

BDSC
VDRC
VDRC
VDRC
VDRC

BDSC
VDRC
VDRC

BDSC
VDRC
VDRC

BDSC
VDRC
VDRC
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BDSC

57176
35489
17168
105496
3424
104177
56958
35611
106997
26740
10735
106479
17198
106433
55642
29446
35208
31615
12649
102915

Rat1
Rca1
Rps13
Rps13
SLC5A11
SLC5A11
spz3
Tep2
Tep2
tgo
tgo
Trf
Trl
Trl
x16
z
z
z
zen
zen

VDRC
VDRC
VDRC
VDRC
VDRC

BDSC
VDRC
VDRC

BDSC
VDRC
VDRC
VDRC
VDRC

BDSC
VDRC
VDRC
VDRC
VDRC
VDRC

Table 3.3 Gal4 lines used in this work.

Gene
eyeless
pnr
c311
jim
jim
jim
Teashirt (Tsh)
elav
dpp

ID
5535
42374
5937
40079
63926
62748
3040
541
1553

Library
BDSC
VDRC
BDSC
BDSC
BDSC
BDSC
BDSC
BDSC
BDSC

Ref.
Figure 4.5
(Buchberger et al., 2021)
Figure 4.19 (Baker et al., 2018)
Figure 4.15

(Bessa and Casares, 2005)
Supplementary Figure 3
(Skottheim Honn et al., 2016)

3.2.3 Overexpression of candidate genes using the TRiP-CRISPR system
Overexpression of candidate genes in the eye-antennal disc was performed using the TRiP-CRISPR
system that is based on the activation driven by dCas9-VPR (Lin et al., 2015). I crossed 10 females of
dcas9 driver lines with five males of each TRiP-Overexpressed lines (Table 3.4) to induce
overexpression or ectopic expression in the specific region of the disc.
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Table 3.4 TRiP-CRISPR lines used in this work.

Gene
elav
pnr
dpp
Trl
jim
Bace
Atac1

ID
67058
67077
67045
79865
79944
79473
80008

Library
BDSC
BDSC
BDSC
BDSC
BDSC
BDSC
BDSC

Type
dcas9 driven in Elav positive cells
dcas9 driven in Pnr positive cells
dcas9 driven in Dpp positive cells
Trl overexpression
jim overexpression
Bace overexpression
Atac1 overexpression

3.2.4 Lineage tracing using G-TRACE
The G-TRACE system (Evans et al., 2009) was used to analyse the Gal4-based cell lineage. I crossed
males of the G-TRACE line (BDSC #28281) with females of pnr-Gal4 lines (BDSC #42374) or jim-Gal4
lines (BDSC #62748). The eye-antennal discs of F1 offspring larva in 120 h AEL were dissected and I
performed Immunohistochemistry with anti-RFP (rabbit) and anti-GFP (chicken) antibodies (see table
3.5) following the protocol in chapter 3.3.1.
Table 3.5. Primary antibodies used in this work.

Used antibodies

Dilution
Concentration

Anti-Pnr (rabbit) (Proteintech, Rosemont, IL, USA) (Buchberger, 2019)

1:200

Anti-GFP (chicken) (Abcam)

1:1000

Anti-RFP (rabbit) (Abcam)

1:1000

Anti-Bace (rabbit) (kindly provided by Dr. Doris Kretzschma, Oregon Institute of 1:500
Occupational Health Sciences, USA, Bolkan et al, 2012)
Anti-Elav (Rat) (Developmental Studies Hybridoma Bank, DSHB)

1:500

3.2.5 Analysis of adult head phenotypes
The effects of gain- and loss-of-function experiments on adult head and eye formation were analysed
in F1 adult flies 10 to 14 days after eclosion. The flies were sorted by the sex and morphology of wings
as only flies with normal none-curly wings should elicit RNAi effects according to the balancer of
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parental flies. For ey-Gal4 crosses, adult flies without curly wings were analysed; while for jim-Gal4
crosses, all of the adult flies were analysed. Flies were decapitated and images of the heads were taken
with the QCapture-Pro software (version 7, QImaging Corporation, USA) using a stereoscope (Leica
M205 FA). For loss-of-function of jim (Figure 4.4, L) and the RNAi driven by jim-Gal4 (Figure 4.19), the
images of the heads were taken with Zeiss Zen software (version 3.3, Zeiss GmbH, Germany) using the
Axioplan microscope (Zeiss GmbH, Germany).
For the RNAi screen, I established a phenotype score by measuring and analysing the size of eye region
with Fiji 2.1.0 (Figure 4.4, N). The phenotype scores were calculated as percent of size of the eye area in
each adult individual (average number of analysed heads was 8) compared to the wildtype eye area
(D. melanogaster OreR, analysed individuals are 3). For the jim-pnr-upd experiment, I measured the size
of eye region with Fiji 2.1.0 comparing the crosses with UAS-stinger-GFP (BDSC #84277) (Figure 4.19).
3.2.6 Analysis of eye-antennal disc phenotypes
The effects of gain- and loss-of-function experiments on eye-antennal disc development was assessed
by analysing the morphology of eye-imaginal discs. I dissected the specific time points to obtain the
corresponding stage of larval discs at 72 h (early LIII stage), 96 h (mid LIII stage), and 120 h (late LIII
stage) AEL. The eye-antennal discs of the ey-Gal4 crosses were stained with anti-Elav (Rat) antibody
(Table 3.5) to label the developing photoreceptor cells and Phalloidin (1:200) for actin filaments
staining to mark the morphological structure of eye-antennal discs (see detail steps in chapter 3.3.1).
For the jim or pnr loss-of-function experiment (Figure 4.16), the analysed eye-antennal discs were
stained with anti-Pnr (rabbit) antibody to detect the Pnr expression and DAPI (4’, 6-diamidino-2phenylindole) for nuclear acid staining. For the pnr loss- and gain- of-function, the analysed
eye-antennal discs were stained with anti-Pnr antibody and Phalloidin and the distance from the
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dorsal rim of the disc to the morphogenetic furrow (MF) was measured using Fiji 2.1.0 (Figure 4.18). For
the other loss-of-function experiments, the eye-antennal discs were stained with anti-Elav antibody,
DAPI and Phalloidin for comparing the morphological structure of eye-antennal discs.

3.3 Analysis of spatial and temporal gene and protein expression
3.3.1 Immunohistochemistry
To analyse spatial and temporal protein expression, I adapted an immunohistology protocol from
Klein 2008 (Klein, 2008). The eye-antennal discs were dissected with the mouth hooks and the brain
still attached in cold 1x Phosphate-buffered saline (PBS) solution for less than 20 minutes and were
fixed with 4% paraformaldehyde (PFA) in PBS for 20 minutes at room temperature. Starting from this
step on, all the incubation steps were performed on rockers or rotators at room temperature. I replaced
the 4% PFA with 1X PBS solution and kept the tissue at 4°C. The eye-antennal discs were incubated in
PBT solution, which contained 0.3% Triton X-100 dissolved in 1x PBS and washed three times for 20
minutes. I replaced the PBT solution with blocking solution (4% serum albumin and 5% goat serum in
PBT) and incubated for 30 minutes to remove the unspecific protein-antibody interaction. Next, I
replaced the blocking solution with corresponding primary antibodies for 90 minutes and washed with
PBT three times for 20 minutes. Before I added the secondary antibodies, I incubated the tissue in
blocking solution again for 30 minutes. Then, I incubated the discs under corresponding secondary
antibodies and/or Alexa Fluor 488 Phalloidin (Table 3.6). Following by PBT washing step again for two
times is to remove the unbounding antibodies. And I stained the nucleolus with DAPI (1:1000) by 10
minutes incubation. After that, I washed the tissue once with PBT and once with 1x PBS solution. To
finalize the staining, I replaced the solution with mounting medium (80% glycerol + 4% n-propyl
gallate in PBS) and incubated it over-night at 4°C. The eye-antennal discs would be dissected and
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mounted on the microscope slides. The images were taken using Zeiss LSM-980 confocal laser
scanning microscope (Zeiss GmbH, Germany), and staining signal were visualized and analysed with
Zeiss Zen software (version 3.3, Zeiss GmbH, Germany).
Table 3.6. Secondary antibodies used in this work.

Used antibodies

Dilution
Concentration

Anti-chicken-488 (Invitrogen,USA)

1:1000

Anti-chicken-555 (Life Technologies, USA)

1:1000

Anti-rabbit-647 (Invitrogen,USA)

1:500

Anti-rat-647 (Life Technologies, USA)

1:1000

3.3.2 chromogenic in situ hybridization
Spatial and temporal mRNA expression in developing eye-antennal discs was analysed using
chromogenic in situ hybridization. To this end, digoxygenin labelled RNA probes were synthesized as
follows: Total RNA was isolated from D. melanogaster (OregonR) LIII larvae using the ZR Tissue & Insect
RNA Microprep Kit (ZYMO Research) and RNA was reverse-transcribed to complementary DNA (cDNA)
using the TAKARA PrimeScript RT Reagent Kit (Takara Bio USA, Inc.). Gene-specific primers were
designed (Primer3 as implemented in Geneious Prime version 2019.0.4), synthesized by Integrated
DNA Technologies, Inc. and used to amplify gene fragments by PCR using Advantage 2 PCR Kit (Takara
Bio USA, Inc.). I aimed for 700-1000 bp fragments (Table 3.7). PCR fragments were cloned into pCR™TOPO®

vector

(Invitrogen)

from

GAATTGTAATACGACTCACTATAGG-3’)

which
and

fragments
Sp6

were

amplified

with

(5’-GATTTAGGTGACACTATAGA-3’)

T7

(5’-

primers,

respectively. Depending on the orientation of the gene fragments in the vector, antisense and sense in
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situ probes were synthesized using the Dig labeling mix (Roche) and T7 or Sp6 Polymerase (Roche),
respectively.
Table 3.7. Primers used to clone the Rat1 gene.
Gene
Rat1

Forward
Reverse

Primers

Temp. (°C)

Fragment size

5’-CGCCGATCTCATCATGTTGG-3’
5’-TGAAGCCATCCTCCCACAAT-3’

60

896

After dissecting the larval discs at the certain time point (72 h, 96 h, and 120 h AEL), I fixed the tissue
with 4% PFA for 20 minutes at room temperature followed by three times washing with PBT. The eyeantennal discs were treated with Proteinase K (10 µg/ml, five minutes) and washed with an ascending
series of methanol:PBT from 1:3, 1:1, 3:1 and 1:0. The eye-antennal discs were stored in methanol at 20°C or directly processed. The eye-antennal discs were transferred back to PBT by washing with an
ascending series of methanol:PBT from 3:1, 1:1, and 1:3. Subsequently, the eye-antennal discs were
incubated in PBT:Hybridization buffer B (HyB)(with 50% Formamide, 5x SSC, 0.1% Tween20) at 3:1, 1:1,
and 1:3 dilutions for 10 minutes each followed by two times HyB for 10 minutes each at 65°C. HyB was
replaced with Hybridization buffer A (HyA)(100 µg/ml denatured herring sperm DNA and 50 µg/ml
heparin in HyB) for 10 minutes incubation followed by a 1 hour incubation in HyA at 65°C. 0.5µl Diglablled RNA probe was diluted in 100µl HyA and discs were incubated in this solution over-night at
65°C. The next day, the eye-antennal discs were rinsed in HyB and transferred back to PBT using a
HyB:PBT dilution series of 3:1, 1:1, and 1:3 at 65°C. And the eye-antennal discs were trenafered into PBT
and washed for two times for 10 minutes in room tempterature. Subsequently the eye-antennal discs
were incubated in blocking solution for 20 minutes followed by incubation with alkaline phosphatase
coupled anti-DIG antibody (Life technologies) (1:2000 in blocking solution) for 90 minutes. The
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antibody was removed by washing three times for 20 minutes with PBT. The eye-antennal discs were
transferred to AP buffer (100 mM NaCl, 50 mM MgCl2 and 100 mM Tris-HCl pH 9.5) by rinsing three
times for five minutes each. Finally, the reaction mix (4.5 µl nitro blue tetrazolium (NBT) + 3.5 µl 5bromo-4-chloro-3-indolyl-phosphate (BCIP) + 1 ml AP Buffer-Tween20) was added and incubated in
the dark to start the colour reaction, which was regularly observed. To stop the reaction, the eyeantennal discs were rinsed three times with PBT. The eye-antennal discs were mounted in 80%
Glycerol for imaging with the Zeiss Imager Z2 scanning microscope.
3.3.3 Single molecule inexpensive fluorescence in situ Hybridization (SmiFISH)
Because of the limitation of the chromogenic in situ hybridization in the eye-antennal disc, I performed
the single molecule inexpensive fluorescence in situ Hybridization (SmiFISH) approach to detect the
expression pattern of Rca1 and Trl. The following steps were modified from the protocol provided by
Calvo and his colleagues (Calvo et al., 2021). The probes were generated by Biosearch Technologies
stellaris RNA FISH probe designer tool (LGC, Biosearch Technologies https://biosearchtech.com)
(Supplementary table 1 and 2). The eye-antennal discs were fixed with 4% PFA for 20 minutes and
washed with PBT (0,05% Tween20 in 1x PBS) three times for 10 minutes. The eye-antennal discs were
washed with a 1:1 with PBT:Stellaris Wash Buffer (10% 20x SSC and 10% deionised formamide) for 10
minutes. The eye-antennal discs were washed later with Stellaris Wash Buffer two times for five
minutes. And the eye-antennal discs were incubated in warm Stellaris Wash Buffer (37°C) two times
for 30 minutes. During the incubating time, probe mixtures were prepared (2 µl of the gene-specific
probe mix (100 µM), 2,5 µl 100µM labelled FLAP sequence, 5 µl 10x NEB Buffer 3 and 40,5 µl nucleasefree water) and incubated in a thermo cycler with the following sequence: 85°C for three minutes, 65°C
for three minutes, 25°C for five minutes. Then, the eye-antennal discs were incubated with 4 µM
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probe/FLAP duplex mix in Stellaris Hybridization Buffer (dextran sulphate, 20x SSC and deionised
formamide) overnight on 37°C in the dark. The next day, the eye-antennal discs were rinsed with
Stellaris Wash Buffer and washed four times for 15 minutes with Stellaris Wash Buffer at 37°C. The next
step was to wash the eye-antennal discs with PBT three times for 10 minutes in the dark at room
temperature. The eye-antennal discs were subjected to immunohistochemistry as described in
chapter 3.3.1 to counter-stain with anti-Elav antibody.
3.3.4 Hybridization Chain Reaction (HCR)
An additional alternative method to analyse mRNA expression in situ is the hybridization chain
reaction (HCR) (Choi et al., 2014). The probes were designed and synthesized by the Molecular
Instruments, Inc. (UAS) (https://www.molecularinstruments.com/). The HCR was performed and
followed by the modified protocol from Bruce et al, 2021 (Bruce et al., 2021). First, I dissected the
eye-antennal discs in cold RNase-free PBS. I fixed the tissue with 4% PFA for 45 minutes at room
temperature, followed by washing with PBT (0.1% Tween20 in 1X PBS) four times (two times in 10
minutes and two times in five minutes). The discs were washed with the Detergent Solution (1% SDS,
0.5% Tween20, 50mM Tris-HCI in pH 7.5, 1mM EDTA in pH 8.0 and 150 mM NaCl in distilled H 2O) for
30 minutes at 37°C. The following hybridization steps were performed in 37°C. The eye-antennal discs
were incubated in the hybridization buffer (with 30% formamide, 5x SSC, 9 mM citric acid in pH6, 0.1%
Tween20, 50 µg/mL heparin, 1X Denhardt’s solution, and 5% dextran sulphate) for 30 minutes. After
preparing the 2 pmol solution of each probe mixture in hybridization buffer, the eye-antennal discs
were incubated with the probe overnight (12-16 h). The following day, the excess probes were washed
off with probe wash buffer (with 30% formamide, 5xSSC, 9 mM pH6 citric acid, 0.1% Tween20, and 50
µg/mL heparin) (four times, 15 minutes for each time). Subsequently, the eye-antennal discs were
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washed with 5x SSCT (5x SSC with 0.1% Tween20) two times for five minutes at room temperature. The
eye-antennal discs were then incubated in amplification buffer (5x SSC, 0.1% Tween20 and 10%
dextran sulfate) for 30 minutes at room temperature. During the pre-amplification steps, the
fluorescently labelled hairpins (h1 and h2) were heated at 95°C for 90 seconds and immediately placed
in the dark at room temperature for 30 minutes. The pre-amplified eye-antennal discs were placed in
the amplification buffer for 30 minutes and incubated with hairpin solution in the dark at room
temperature overnight. The next day, the hairpin solution was removed with five times washing by 5X
SSCT (three times in five minutes and two times in 30 minutes). The eye-antennal discs were stained
with DAPI (1 µg/mL) for 20 minutes. For analysing the expression pattern of jim, the eye-antennal disc
was post-fixed with 4% PFA again for 20 minutes. And the eye-antennal discs were subjected to
immunochemistry as shown in chapter 3.3.1 to counter-stained with anti-Pnr antibody. The
eye-antennal discs were mounted in 80% Glycerol for imaging with the Zeiss Imager Z2 scanning
microscope (Zeiss GmbH, Germany).
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4. Results
4.1 Identification of putative candidate genes involved in eye size and head shape variation
between D. melanogaster and D. mauritiana
To identify candidate genes involved in eye size and head shape variation between D. melanogaster and
D. mauritiana, I integrated several datasets: a comparative developmental transcriptome dataset
(Figure 4.1, A and B), published quantitative and/or functional genetics datasets (Figure 4.1, C and D),
and other genomic resources (Figure 4.1, E and F).
4.1.1. Differential expression between D. melanogaster and D. mauritiana during eye-antennal disc
development
As variation in adult eye size and head shape between D. melanogaster and D. mauritiana is the result of
differences during eye-antennal disc development (Casares and McGregor, 2020; Buchberger et al.,
2021), candidate genes should be expressed during eye-antennal disc development, and they should
show differences in expression between species. Therefore, I first re-analysed a transcriptome dataset
representing three important stages of eye-antennal disc development (Torres-Oliva et al., 2018). Of
the 13,437 genes that were expressed in at least one stage (Figure 4.1, A), 8,556 genes were differentially
expressed (padj < 0.05) between the two species (Figure 4.1, B and Table 4.1) (Buchberger et al., 2021).
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Figure 4.1. The flow chart shows the screening process of candidate genes from several unbiased datasets. (A-F) the
different datasets used to identify the candidate genes. (A) Genome wide gene expression dataset of three developmental
stages of eye-antennal discs (Torres-Oliva et al., 2018). (B) Differentially expressed genes between D. melanogaster (D. mel)
and D. mauritiana (D. mau) from Buchberger et al., 2021. (C) Eye variation associated genes suggested from the QTL
mapping research (Carreira et al., 2013, 2016; Norry and Gomez, 2017). (D) Genes with established function during eye
development. (E) Genes with cis-regulatory divergence shown in Torres-Oliva et al., 2016 (Torres-Oliva, 2016). (F) Putative
regulators for pannier obtained from ATACseq data (Buchberger et al., 2021).

4.1.2. Published quantitative genetics datasets
Inter-specific variation in eye size between D. melanogaster and D. mauritiana is due to differences in
ommatidia number and a developmental trade-off between compound eye size and interstitial head
cuticle width has been observed (Posnien et al., 2012; Buchberger et al., 2021). Since variation in head
morphology among D. melanogaster populations shows similar phenotypic characteristics, i.e.
ommatidia number differences (Norry and Gomez, 2017) and a trade-off between head compartments
(Norry and Gomez, 2017), I incorporated data from previously published quantitative trait locus (QTL)
mapping studies, which revealed 548 positional candidate genes responsible for intra-specific eye size
and head shape variation in D. melanogaster (e.g., jim, Fasciclin 3 (Fas3), Reticulon-like1 (Rtnl1)) (Figure 4.1,
C and Supplementary Table 3) (Carreira et al., 2013, 2016; Norry and Gomez, 2017). A combination of
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the QTL data with the developmental RNAseq data showed that 256 of the positional candidate genes
were differentially expressed between D. melanogaster and D. mauritiana (Figure 4.1). A GO term
analysis of these 256 genes revealed eight genes with a potential function in “eye-antennal disc
development (GO: 0035214)” or “eye-antennal disc morphogenesis (GO:0007455)” and thus these eight
genes were included in the finale candidate gene list (Figure 4.1, D, and Supplementary Table 4).
Additionally, the GO term analysis also suggested a potential function in “eye-antennal disc
development (GO: 0035214)” or “eye-antennal disc morphogenesis (GO:0007455)” for three positional
candidates which were not differentially expressed: CG43340, wingless (wg) and Fascilcin 3 (Fas3).
Therefore, I included these three genes in the final candidate gene list (Figure 4.1, D, and
Supplementary Table 4). Note that a function during eye-antennal disc development has been
experimentally confirmed for wg (Ma and Moses, 1995; Treisman and Rubin, 1995; Royet and
Finkelstein, 1996; Wittkorn et al., 2015).
4.1.3. Differentially expressed genes with cis-regulatory divergence
Of the 256 positional candidate genes, which were differentially expressed in at least one of the three
stages of eye-antennal disc development, I next identified those genes that were differentially
expressed due to putative changes in their own regulatory region. To this end, I used an allele-specific
expression (ASE) dataset (Torres-Oliva, 2016) that is based on inter-specific F1 hybrids and allows
distinguishing between cis- and trans-regulatory divergence (Torres-Oliva, 2016). 44 genes that
showed signatures of cis-regulatory divergence in at least one of the three studied developmental
stages were added to the final candidate gene list (e.g. piragua, beta-site APP-cleaving enzyme (Bace),
TBP-related factor) (Figure 4.1, E and Table 4.1, 3.1).
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4.1.4. Candidate genes involved in pnr regulation
Since differential expression of pnr has been associated with variation in eye size and head shape
between D. melanogaster and D. mauritiana (Buchberger et al., 2021), I considerrd genes coding for
regulators of pnr expression as putative candidates. Therefore, I employed chromatin accessibility data
(ATACseq) (Buchberger et al., 2021) to identify transcription factor binding motifs in open chromatin
regions in the pnr locus. This analysis revealed 13 putative regulators (Figure 4.1, F). Among those 13
genes, the GO term analysis also confirmed their potential role in “sequence-specific DNA binding
(GO: 0043565)”, “DNA binding (GO:0003677)” or “transcription factor activity, RNA polymerase II distal
enhancer sequence-specific binding (GO:0003705)” (Supplementary Figure 1 and Supplementary
Table 4). Note that two of the 256 differentially expressed positional candidate genes (jim and Mad;
thin grey-purple arrow in figure 4.1) and one of the genes showing cis-regulatory divergence (zeste (z);
thin purple arrow in Figure 4.1) seem to be involved in pnr regulation.
Table 4.1. Candidate gene lists used to establish the final candidate gene list. The “*” indicates the datasets were used to
construct the networks as comparison. The gene lists 7, 8, 9 associated with wing variation are used as outgroup
comparison.

Gene lists
1.

Gene numbers

Differentially expressed genes in eye-antennal disc (df_EAD)*

8,556

2. Genes underlying eye size in D. mel (QTL)*

548

3. Expressed genes in eye-antennal disc & QTL (Exp_EAD_QTL)*

437

4. Differentially expressed genes & QTL (df_EAD_QTL)*

256

4.1 Cis-regulatory divergence in eye-antennal disc & QTL & differential expressed in 44
EAD
4.2 Gene with known function related to eye development & QTL & differential

8

expressed in EAD
4.3 Gene with potential function related to eye development & QTL

3

5. Interaction with eye size related gene, pannier

13

5.1 pannier related gene with known function related to eye development

2
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6. Candidate genes in total (Candidate)*

65

6.1 Genes with RNAi phenotypes or known function in eye development

18

6.2 Genes without RNAi phenotypes (No defect)*

47

7. Differentially expressed in the wing disc (df_wing)*

2,616

8. Expressed genes in wing disc + QTL (Exp_wing_QTL)*

410

9. Differentially expressed genes in wing disc + QTL (df_wing_QTL)*

81

In summary, the integration of multiple unbiased genome-wide datasets resulted in 65 candidate
genes (Figure 4.1). 63 of 65 genes showed up in at least two sub-datasets, except for zerknullt (zen), and
Trithorax-like (Trl) (Figure 4.3). Interestingly, 50 of the 65 candidate genes appeared in three subdatasets. However, there is not much knowledge to support the biological processes that those genes
are involved in.

Figure 4.2. GO enrichment analysis of all 65 candidate genes. Among those 65 genes, the most common types of gene
ontology are Transcription regulatory region sequence specific DNA binding (GO: 0000976) and Regulatory region DNA
binding (GO: 0000975).

4.2. Many candidate genes are crucial for adult eye and head development
The GO enrichment analysis for the 65 candidate genes obtained by integrating multiple datasets
suggests that DNA binding activity is the major common biological function of the candidate genes
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(Figure 4.2). Six of 65 candidate genes are already well-known to be involved in eye development,
which are Mad (Wiersdorff et al., 1996; Kim et al., 1997, 2017), eye absent (eya) (Bonini et al., 1993; Kenyon
et al., 2005), cka (Neal et al., 2020), wg (Ma and Moses, 1995; Treisman and Rubin, 1995; Royet and
Finkelstein, 1996; Mosimann et al., 2006; Wittkorn et al., 2015), da (Brown et al., 1996; Lim et al., 2008)
and Rca1 (Dong et al., 1997) (Figure 4.3 and Supplementary Table 3). To functionally validate the role of
the remaining 59 candidate genes during eye and/or head development, I performed an RNA
interference (RNAi) screen employing the Gal4/UAS binary expression system (Brand and Perrimon,
1993). Specifically, I used the eyeless-Gal4 (ey-Gal4, BDSC #5535) line, which is active in the eye disc from
the early stage onwards and to the later stages (Jang et al., 2003; Baker et al., 2018) (Figure 4.6, M), to
drive expression of RNAi constructs for the candidate gene of interest. This RNAi screen revealed 12 of
59 tested genes that showed eye and/or head phenotypes (Figure 4.3, 4.4 and 4.6).
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Figure 4.3. Summary of the candidate gene list with their resources. If the genes are shown in the respective resources and
it has shown as 1 in this figure (in purple). Labels on the X-axis: RNAi phenotype, RNAi resulted in eye and/or head defects;
DEGs, differentially expressed genes between D. melanogaster and D. mauritiana; QTL, positional candidates associated
with eye size differentiation from QTL studies; pnr related, putative regulators of pnr obtained from ATACseq data; eye
genes, the function of those genes in eye development were suggested by the literatures; cis, the differentially expression
of genes were due to cis regulatory divergence.
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To quantify the RNAi effects on adult head and eye development, I established a phenotypic score that
represents the percentage of eye size in relation to a wildtype eye (Figure 4.4, N and O). The
loss-of-function for three genes resulted in severe reduction in eye size (Figure 4.4, C, E, H and O); while
one gene only showed subtle reduction (Figure 4.4, K and O). Loss-of-function of most genes caused
intermediate to minor eye reduction (Figure 4.4, D, I, L and O). Variation among individuals of the same
experiment was high which is expected for RNAi experiments.
The three genes that showed severe eye reduction were CG9107, Trl and Drak. Drak that encodes the
Death-associated protein kinase (Neubueser and Hipfner, 2010) showed a phenotypic series from
minor reduction of the eye field to the complete loss of eyes (Figure 4.4, C and O). Besides the eye
phenotype, it is also noted that the bristle pattern was disrupted as well (white arrowhead, Figure 4.4,
C). Trl that codes for GAGA factor (Bhat et al., 1996) not only led to severe eye loss and extra eye tissue,
but also caused defects in other tissues, such as the bristle pattern (white arrowhead, Figure 4.4, E) and
extra retinal tissue (red arrow, Figure 4.5, B’’). Similarly, an uncharacterized gene, CG9107, led to the
same severe eye reduction, which was observed at 100% penetrance (Figure 4.4, H). Those flies with
smaller eyes also had reduced ventral head cuticle tissue (Figure 4.4, H and 4.5, A’’). This loss of ventral
head cuticle was not observed for RNAi of other genes. Moreover, CG9107 RNAi also resulted in a split
eye or ectopic ventral eye tissue (red arrow, Figure 4.5, A’).
Most intermediate genes resulted in less than 50% reduction in eye area when the expression was
interfered (Figure 4.4, A, B, F, G, J and O). Bace that codes for an amyloid precursor protein
(APP)-cleaving aspartic protease (Bolkan et al., 2012) resulted in loss of ventral eye tissue with a
penetrance of 8.3 % (Figure 4.4, A). Besides that, the bristle pattern in the ventral region below the
retina was disturbed (white arrowhead, Figure 4.4, A). Atac1 that codes for a component of a protein
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complex involved in chromatin remodelling and histone acetylation (Guelman et al., 2006; Suganuma
et al., 2008) resulted in anterior eye reduction upon RNAi (Figure 4.4, B). dachs that codes for a myosin
protein (Degoutin et al., 2013) resulted in minor eye reduction shown in 61% of adult offspring (Figure
4.4, F). RNAi for the uncharacterized gene CG9498 showed the partial loss of retinal tissue in the ventral
region in 20.6% of the individuals (Figure 4.4, G). Megf8 that is suggested to be involved in calcium ion
binding activity (Larkin et al., 2021) resulted in minor loss of eye in 15.4% of the individuals (Figure 4.4,
J). RNAi for jim that encodes a zinc finger C2H2 transcription factor (Doerflinger et al., 1999) mostly
resulted in partial loss of eye tissue (Figure 4.4, O), but some flies with complete eye loss were observed
as well (Figure 4.4, L). RNAi for CG9147 resulted in a broad range of eye reductions (Figure 4.4, I and O)
and ectopic antennal tissue was observed in the eye field (Figure 4.5, C). Rat1 RNAi flies also showed
different levels of eye reduction (green arrow in Figure 4.4, D) and some extra antennal tissue in the
retina field (black arrow in Figure 4.4, D).
Loss-of-function of CG9586 only cause subtle reduction of 7% compared to wildtype eyes (Figure 4.4, K
and O). Additionally, the eye of loss-of-function individuals showed a rough-eye phenotype. It is
important to note that RNAi caused low survival rate with only three survivors.
With the exception of CG9107 RNAi that caused the reduction or loss of antennal tissue (green
arrowhead, 4.5, A and A’’), RNAi for all genes that resulted in reduced eye size the antennae were
unaffected. This suggests that specific effects were observed. Intriguingly, loss-of-function of Trl and
Drak resulted in antennal duplication (black arrowhead in Figure 4.4, C & E).
Overall, the RNAi screen revealed that 12 of 59 tested candidate genes showed similar phenotypes
ranging from mild eye field reduction to eye loss (Figure 4.4, A-L). Together with the six genes that have
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been implicated in eye development before, 18 of 65 candidate genes play roles during eye
development (Figure 4.3).
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Figure 4.4. (A-L) Represented adult phenotypes after ey > candidate gene-RNAi. For each gene a representative adult head
is shown in lateral view. Among the flies without curly wings (n in each panel), the percentage of individuals with the eye
phenotypes are shown. as well as the individual number of each crosses (n), except for the numbers of curly wings. The
green arrow indicates the reduction of eye tissue, the white arrowhead labels the defect in bristle pattern, the black
arrowhead shows extra antennal tissue, the black arrow shows extra antennal tissue in retinal, and the dash line represent
the remaining head cuticle tissue. (M) Wild type (OreR) head in lateral view. (N) Scheme of the calculation of the ratio of
eye field reduction. (O) The phenotypic scores (%) were determined by the percentage of reduction of eye field. WT,
wildtype, severe, with severe phenotype. 0 represents no reduction, while 100 means the eye loss phenotype. In all figures,
anterior is to the right.

Figure 4.5. Other adult phenotypes after ey > candidate gene-RNAi of (A) CG9107, (B) Trl and (C) CG9147. The green
arrowhead indicates the reduction or loss of antennal tissue, the white arrowhead labels the defect in bristle pattern, the
black arrowhead shows extra antennal tissue, and the red arrow indicates the ectopic tissue growth. The dash line circles
the remaining surrounding cuticle. In all figures, anterior is to the left. Related to Figure 4.4.
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4.3. Adult phenotypes are linked to perturbation of eye-antennal disc development
To understand the readout of the loss-of-function experiments, I dissected eye-antennal discs of F1
offspring of ey-Gal4 X UAS-RNAi crosses and performed immunostaining for Elav and Phalloidin to
label differentiating photoreceptors (Koushika et al., 1996) and F-actin (Capani et al., 2001),
respectively. Among the 12 genes with RNAi phenotypes, the development of eye-antennal discs in the
offspring was severely affected (Figure 4.6) because RNAi for each gene resulted in some individuals
with an eye reduction phenotype (Figure 4.6, N). A phenotypic series, including eye reduction, loss of
the eye, or reduction of whole disc size were observed for most of genes (Figure 4.6, N). And duplicated
antennal tissue was observed for 2 genes (Figure 4.6, N).
In general, the eye-antennal disc phenotypes matched the adult phenotypes. For instance, Trl and
CG9107, two genes that led to severe eye phenotypes in adults (Figure 4.4, O), caused the complete loss
of retinal tissue in the developing discs (Figure 4.6, E and N). Similarly, Drak, another gene that led to
severe eye reduction, as well as antennal duplication in adults (Figure 4.4, C and O), showed
dramatically reduced retinal tissue and duplication of antennal tissue in discs (Figure 4.6, C and
Interestingly, Bace and Atac1 that caused partially reduction of the eye in adults (green arrow in Figure
4.4, A and B), also led to ectopic growth posterior to antennal region in the disc (Figure 4.6, A and B).
However, not all of the antennal phenotype match to the adult eye or/ and head phenotype. It is noted
that RNAi for five genes (i.e. Bace, Atac1, Rat1, dachs, and CG9498) resulted in reduction of the whole
eye-antennal disc size (Figure 4.6, N), which was not observed in the adult phenotype (Figure 4.4).
Besides that, the RNAi phenotype in the eye-antennal discs showed more frequent than in the adults.
Therefore, it is expected that lethality caused by RNAi would lead to the mismatch between
developing discs and adults.
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To avoid the artefacts, cause by the Gal4 line used, the loss-of-functions of Trl, Bace and Atac1 were also
activated by the three Gal4 lines Teashirt (Tsh)-Gal4, elav-Gal4 and dpp-Gal4, which drive expression in
different parts of the eye-antennal disc (Supplementary Figure 3). The observed RNAi phenotypes in
eye-antennal discs were partially confirmed for Bace, Atac1 and Trl, when three other Gal4-driver lines
were used. The strongest effect on eye development was observed when Trl, Bace or Atac1-RNAi was
driven by ey-Gal4 drivers, while elav-Gal4. teashirt (tsh)- and dpp-Gal4 drivers used for driving the RNAi
showed no strong effects in the retinal region (Supplementary Figure 3). Note that the analysis of
overexpression effect on eye-antennal discs was performed using TRiP-CRISPR lines to confirm the
function of Jim, Trl, Bace and Atac1 (see Material and Methods Table 3.4). Since the ey driver for
TRiP/CRISPR is not available. The used drivers are not in the ey positive cells as the RNAi (i.e. elav, pnr
and dpp). The crosses resulted in no significant defects (Data not shown).
Taken together, the analysis of RNAi effect on eye-antennal discs confirmed that the 12 candidate
genes that have not yet been associated with eye development are involved in this process. Including
the six previously analysed genes, 18 of 65 candidate genes were high confidence candidate genes
involved in eye size variation between D. melanogaster and D. mauritiana.

46

Results

Figure 4.6. (A-J) L3 larval eye-antennal discs of F1 offspring of candidate gene RNAi experiments. The red arrow indicates
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the ectopic growth tissues in the eye-antennal discs. The green arrow indicates the eye reduction. (L) The larval disc of
D. melanogaster wild type (OreR). (M) Reporter gene expression driven by ey-Gal4 in early larval disc. (N) Quantification of
eye-antennal disc phenotypes shown in percentage of different RNAi phenotype. The individual number of recorded discs
is shown as n. In all discs, actin was labelled with Phalloidin (green) and anti-Elav (red) to label the photoreceptors. The
scale bar is 50 μm. In all the figures, anterior is to the left.

4.4. Many candidate genes are broadly expressed during eye-antennal disc development
To link the function of the 18 high confidence candidate genes and pnr that has previously been
revealed as candidate gene (Buchberger et al., 2021) during eye-antennal disc development to
potential specific developmental processes, I next analysed their expression in D. melanogaster
eye-antennal discs using three different datasets and methods: 1) I assessed the broad expression level
from a bulk-RNAseq dataset at three stages (i.e. 72 hrs, 96 hrs and 120 hrs after egg laying, AEL) (TorresOliva et al., 2018)(Figure 4.6). 2) I inferred potential cell types of the compound eye-antennal discs that
express the candidate genes employing single-nuclei RNAseq (sn-RNAseq) data for late larval
eye-antennal discs (at 120 h AEL) (Gordon Wiegleb, unpublished) (Figure 4.8). 3) For selected genes, I
performed in situ hybridisation to analyse the spatial expression (Supplementary Figure 4).
The bulk-RNAseq data revealed that the relative expression level of Bace and Megf8 stayed low during
eye development; while some genes, such as eya, dachs, CG9586, CG9107, Trl and Rca1 were highly
expressed (more than 50 Reads Per Kilobase of transcript per Million mapped reads (RPKM)) (Figure
4.7). The relative expression of many genes increased from 72 h to 96 h and remained constant (i.e.
CG9586, dachs, Rca1, CG9147, Atac1 and pnr) or decreased (i.e. eya, Trl, jim, Drak, Mad, cka and Rat1) at the
120 h stage (Figure 4.7). The relative expression of CG9498 is the only one that seems to have slightly
higher expression at 72 h and its expression drops in the later stage. Additionally, CG9107 is the only
one with lowest expression level in 96 h.
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Figure 4.7. The expression of candidate genes among three developmental stages (from 72 h AEL to 120 h AEL) inferred
from bulk-RNAseq data. The Y-axis is the expression level, the unit is Reads Per Kilobase of transcript per Million mapped
reads (RPKM).

In addition to bulk-RNAseq data, the expression pattern and expression level of each gene were also
analysed in sn-RNAseq data (Figure 4.8). Eight of the 19 candidate genes were ubiquitously expressed
in the whole eye-antennal disc at relatively low level in 120 h AEL (CG9586, CG9107, Rat1, Atac, Trl, Rca1,
da and cka) (Figure 4.8, A). Four candidate genes were ubiquitously expressed at relatively high level
(Mad, Drak, jim and dachs) (Figure 4.8, A). For instance, Drak is found everywhere in the discs (Figure 4.8,
A and C). Three genes (eya, wg, pnr) were highly expressed in specific tissues (Figure 4.8, A). For instance,
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eya was highly expressed in cells contributing to the morphogenetic furrow (MF), the pre-proneural
domain (PPN), the dorsal region, and Photoreceptors (PhR) (Figure 4.8, D) and wg was mainly
expressed in the antennal cells, in the dorsal region and in ocelli (Figure 4.8, E). Three genes (Megf8,
CG9147 and CG9498) were detected in specific tissues at very low expression (Figure 4.8, A). For instance,
CG9498 was only found in a few specific cells in 120 h AEL, which were annotated as wrapping glia and
subperineural glia cells (WG_SPG) (Figure 4.8, F). Bace expression was not detected in the sn-RNAseq
data, most likely due to its low expression level.
The comparison of the two RNAseq datasets showed that many candidate genes were lowly expressed
in the eye-antennal disc. However, it is important to note that some discrepancies were observed. For
instance, Rca1 expression was relatively high in the bulk-RNAseq dataset (Figure 4.7) and low in the snRNAseq (Figure 4.8, see annotation in Supplementary Figure 2). It is noted that the expression level of
da and wg were not detected in the bulk-RNAseq data (Figure 4.7), although both genes were
differentially expressed in the comparative analysis. This discrepancy is most likely due to different
normalization methods because the abundance used here is expressed as RPKM value (Torres-Oliva,
2016), while the DEGs search is based on a normalization assuming negative binomial data
distribution (Buchberger, 2019). Note that expression of da and wg was observed in the sn-RNAseq
data.
To confirm the data obtained from the two RNAseq approaches, I also performed in situ hybridisation
and immunostaining to analyse the spatial expression of some candidate genes. The immunostaining
for Bace and Rca1 in the eye-antennal discs did not show any specific pattern, correlating to the low
expression observed in bulk- and sn-RNAseq data. The in situ hybridization of Rat1 (Supplementary
Figure 4, A) matches the sn-RNAseq result that it is expressed in MF and ventral PE. Similarly, I could
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confirm wg expression in the antennal region, the dorsal region and the eye-antennal border (EAB) in
both in situ hybridization (Supplementary Figure 4, B) (Ma and Moses, 1995) and sn-RNAseq (Figure
4.8). Also, the low ubiquitous expression with slightly higher expression in photoreceptors (PhR) of Trl
observed in sn-RNAseq (Figure 4.8) can also be found in the in situ hybridization results (white
arrowhead in Supplementary Figure 4, B).
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Figure 4.8. (A) Expression of candidate genes observed in sn-RNAseq data of imaginal discs at 120 h AEL. MF,
morphogenetic furrow; MF_SoxN, morphogenetic furrow with SoxN expression; WG, Wrapping glia; PG, Perineurial glia;
PhR, Photoreceptor; SMW, Second mitotic wave; EAB, Eye-antennal border; PE, Peripodial epithelium; PPN, Pre-proneural
domain; Ribo, cells that express ribosomal genes (B) Annotated cell cluster for all cells modified from Ariss et al., 2018 (Ariss
et al., 2018), V_PE, Ventral Peripodial epithelium; D_PE, Dorsal Peripodial epithelium; INT, Interommatidial cells (C)
Ubiquitously expressed genes, such as Drak. (D) Region specific genes, such as eya. (E) Tissue-specifically expressed gene
such as wg. Detail annotation in Supplementary Figure 2 (F) CG9498 is only expressed in a few cells of WG_SPG. (Figures A,
C, D, E, F provided by Gordon Wiegleb, unpublished).

52

In summary, both bulk-RNAseq and sn-RNAseq provides the expression details of candidate genes in
the eye-antennal discs. Because all of the candidate genes showed extremely different expression
patterns and levels with one another. This might indicate how is the complexity of gene architectures
those genes involved in. Therefore, further investigates are required to dissect the biological function
of each candidate gene during eye and head development.

4.5. Network construction of candidate genes allows predicting developmental processes and
new genes involved in eye development
4.5.1. Network construction and network connectivity
Since the 18 candidate genes and pnr resulted in similar phenotypes upon loss-of-function, I
hypothesized that these genes may be functionally related. To test this hypothesis, I constructed a
GRN with the 19 genes (Figure 4.9). Connections (edges) between genes (nodes) were based on the
following molecular and genetic information stored in various databases (from highest confidence
level to lowest confidence): physical interaction, genetic interaction, co-localization, co-expression,
shared protein domains and predicted interactions. Note that an edge based on a proven physical
interaction has a higher confidence level than a connection inferred from a co-expression.
Only jim and Bace were not connected to any other candidate gene and CG9147 and Rca1 were
connected with each other, but not with other genes in the network (Figure 4.9). The remaining 15
genes were present in the same cluster, and they were connected to candidate genes with previously
established functions during eye-antennal disc development (i.e. eya, wg, cka, Mad, da and pnr, in red,
Figure 4.9).
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Figure 4.9. The constructed network with 18 candidate genes and pnr. The known eye genes are labelled in red. The
different types of edges are labelled in respective colour as colour code on the right up. The thickness of the edges reports
weights that indicate the predictive value of each dataset. The thicker the edges are, the stronger connection exists
between two edges. For instance, the co-expression edge between Pnr and Dachs with the higher strength of data, which
supports the associations.

If the high connectivity in the reconstructed GRN is indeed an indication of potentially shared
functions, the connectivity should be higher compared to a network of randomly selected genes. To
test this idea, I reconstructed several networks from 19 randomly selected genes from various gene lists
obtained during the integration of multiple datasets (see Figure 4.1 and Table 4.1 for gene sets that
were used for random gene selection) and compared their connectivity (i.e. number of edges) and the
quality of predicted connections (i.e. source of edge information) to those of the candidate gene
network (Supplementary Figure 5). For instance, I randomly chose 19 genes from the 47 genes (Table
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4.1) that did not result in eye or head phenotypes in my RNAi screen (Figure 4.10). This random
selection was repeated ten times for each gene list to avoid technical selection biases. The candidate
gene network had 33 edges and 66.7 % (22 edges) of them were based on “co-expression” information
(Figure 4.9 and Supplementary table 5). The average number of edges in all randomly selected
networks was much lower with less than 16 (Figure 4.10) and the dominant edge source was also
“co-expression” (Supplementary table 5). The higher connectivity within the candidate gene network
was predominantly driven by more edges based on “genetic interactions” (12.12 % vs. none in all other
networks) and partially by more “physical interactions” (Figure 4.11 and Supplementary table 5).
Besides these high confidence edges, the candidate network was composed by clearly more “predicted
interactions”, which represent rather low confidence levels. Note that none of the edges in the
candidate gene network was based on “shared protein domains”, while some randomly selected
networks consisted of about 4 % such edges.
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Figure 4.10. 1 of 10 constructed network with 19 randomly selected genes from the 49 genes that did not result in head or
eye phenotypes in the RNAi screen.

Overall, this analysis suggests that the gene regulatory network composed of candidate genes shows
consistently higher connectivity with more high-quality edges compared to all randomly selected
networks.
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Figure 4.11. The percentage of edges grouped by data type, i.e. co-expression, co-localization, genetic interaction, physical interaction, predicted and shared protein
domain. The network constructed by candidate genes has higher percentage of edges from genetic interaction and predicted.
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4.5.2. Network extension and GO term analysis
Since the candidate genes seem to be functionally related, I next asked whether the addition more
genes to this network allows predicting putative developmental processes in which the candidate
genes may act. Therefore, I further added 20 additional genes to the network. Those genes were
chosen because they increase the connectivity within the GRN (Figure 4.12, A). Adding these 20 genes
resulted in a much higher connectivity (110 edges). Intriguingly, four of these 20 genes were
significantly enriched for GO terms related to eye development, i.e. unpaired (upd) (Tsai and Sun, 2004),
spalt-related (salr) (Barrio et al., 1999; Domingos et al., 2004; Organista and De Celis, 2013), dachshund
(dac) (Tavsanli et al., 2004; Pappu et al., 2005) and roughex (rux) (Thomas et al., 1994) (Figure 4.12, B).
After adding those 20 genes, the pervious unconnected gene jim connected to the network through an
eye development gene, upd. The major biological processes of the additional 20 genes were related to
antennal joint development, eye-antennal disc development, and animal organ morphogenesis
(Figure 4.12, B), suggesting that genes relevant for eye-antennal disc development were added to the
network.
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Figure 4.12. (A) The expanded network with additional 20 genes. The black nodes are the candidate genes, and the grey
circles are the additional nodes which improve the connectivity. The sizes of grey circle differ with the difference computed
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strength of each node, the larger size represent the higher strength for gene function prediction (For instance, Eaf has fewer
number of interactions than CG18598) (Warde-Farley et al., 2010). The known eye genes are labelled in red. (B) The top 16
GO terms enriched among the genes in the network. The GO terms enriched among additional nodes are shown in grey bar;
the GO terms enriched among the candidate genes are shown as black bars. X-axis, the enrichment ratio.

In order to understand whether the connectivity of a candidate gene is correlated to its biological
function, I used the phenotypic score defined for adult RNAi phenotypes (Figure 4.4) and tested for a
correlation with the unique number of edges for the respective gene (Figure 4.13). I found a trend
towards a positive correlation between the phenotypic scores and the number of connections in the
GRN (Figure 4.12), although it was not significant (R2 = 0.13; p = 0,24639; blue line in Figure 4.13). If the
four uncharacterized genes (CG-genes), which tend to be less well studied, were removed from the
correlation analysis, a clear positive correlation was observed (R 2 = 0.45; p = 0.017393; Supplementary
Figure 6).
Overall, the network analysis provides further support for a functional relationship of the identified
candidate genes.
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Figure 4.13. Positive, but non-significant (p = 0.24639) correlation between the phenotypic score (adult RNAi phenotype)
and the number of connections within the GRN. The Y-axis represents the phenotype score (percentage) of the loss-offunction of each gene in Figure 4.3. The X-axis represents the number of connections of the respective genes based on
Figure 4.8, A.

4.6. jim plays an important role in eye-antennal disc development
To gain more mechanistic insights into potential developmental processes regulated by the candidate
genes, I focused on the candidate gene jim for the following reasons: 1) In my screening pipeline, jim
was a differentially expressed positional candidate gene involved in pnr regulation. 2) Expression of jim
was relatively high in the bulk-RNAseq data and RNAi resulted in intermediate to strong reduction of
eye size. 3) In the extended GRN, jim was connected to unpaired, a gene that has been implicated in the
initiation of differentiation in the developing eye-antennal disc (Tsai and Sun, 2004). 4) A genetic
interaction of jim and upd have been shown (Mukherjee et al., 2006).
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4.6.1 Refinement of interactions of jim
To further refine the GRN around jim, I employed previously published ATACseq data (Buchberger et
al., 2021) to reveal candidate genes in the network that may be regulated by Jim and to find putative
regulators of jim expression (Figure 4.14). First, I found putative Jim binding motifs in accessible
regulatory regions of 9 of 19 candidate genes, suggesting that they are downstream targets of Jim (Rca1,
eya, Mad, Drak, cka, pnr, Megf8, Trl, dachs; brown arrows in Figure 4.14). Second, in the open chromatin
region in the jim locus, I found the binding motifs of other eye-related factors, such as Ey (Clements et
al., 2009), Forkhead box, sub-group O (Foxo), Klumpfuss (Klu) (Rusconi et al., 2004), Glass (Gl) (Moses
and Rubin, 1991; Ellis et al., 1993), atonal (Ato) (Jarman et al., 1994), and Medea (Med) (Das et al.,
1998)(white nodes in Figure 4.14). In the ey locus I also found Jim motifs, suggesting a bidirectional
regulation of both genes. Similar bidirectional relationships were also observed for Trl and Mad, with
jim, respectively (yellow arrows in Figure 4.14). The refinement of regulatory interactions of jim
resulted in many outgoing and incoming connections, confirming a putative central role in the novel
network module that governs eye-antennal disc development.
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Figure 4.14. Refined regulatory interactions of jim after integration of ATACseq data. The black nodes are the candidate
genes, and the grey circles are the additional 20 that were added to improve the connectivity. The white nodes represent
putative regulators of jim expression that have been implicated in eye development. Known eye genes are labelled in red.
Factors that may regulate jim expression are connected to jim with green arrows and genes putatively regulated by Jim are
connected via brown arrows.

4.6.2 Expression pattern of jim
To further confirm the biological function of jim in the network, I performed several experiments to
detect the spatial expression pattern of jim. Reporter gene expression driven by three jim-Gal4 lines
(See Material and Methods Table 3.3) showed high expression in photoreceptor cells (Figure 4.15, A-A’’).
This pattern could be partially confirmed by Hybridization Chain Reaction (HCR) that additionally
revealed weaker expression of jim in many cells of the disc, but with even weaker expression in the cells
in the morphogenetic furrow (yellow arrowhead) and eye-antennal board (white asterisk, Figure 4.15,
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C-C’’’). Chromogenic in-situ hybridization also suggested a weak broad expression with an
accumulation in the dorsal region of the eye-antennal disc, which is consistent with a previous study
(Mukherjee et al., 2006) (red arrow in Figure 4.15, B). I also identified the jim cell lineage and real-time
expression using the G-TRACE system (Evans et al., 2009). While real-time expression was detected in
developing photoreceptors (Figure 4.15, E’), cells in almost the entire disc were positive for jim lineage
with, again, an accumulation in the dorsal retinal region (red arrow in Figure 4.15, E). Note that the
G-TRACE system was used to test pnr expression as positive control (Figure 4.15, D-D’’’), because this
data has been published before (Buchberger et al., 2021). The broad expression of jim with an increased
expression in the dorsal region of the eye disc was also confirmed by the sn-RNAseq results (Figure
4.16).
Since Jim seems to regulate pnr expression (Figure 4.14), I investigated a potential co-expression
between both genes. A clear co-expression pattern was not observed in late larval discs (about 120 h
AEL) based on immunohistology, in situ hybridization methods and reporter assays (Figure 4.15, A and
B). However, the sn-RNAseq data suggests that both genes are co-expressed in ventral PE cells at 84 h,
96 h and 108 h AEL, and in ocelli and dorsal PE cells at 96 h AEL, and also dorsal cells at 120 h AEL (red
boxes in Figure 4.16). This co-expression in PE would be found in the cell lineages traced by G-TRACE
(Figure 4.15 E and F).
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Figure 4.15. jim and pnr expression in the eye-antennal disc. (A-A’’) The L3 eye-antennal disc with GFP expression driven by
jim-Gal4 and stained with rabbit anti-Pnr antibody. (B) jim RNA expression pattern detected by classic in-situ hybridization.
(C-C’’’) jim expression is detected by HCR and stained with rabbit anti-Pnr antibody (in red). The asterisk indicates the
eye-antennal boarder (D) G-TRACE with pnr-Gal4. (E-E’’’) The jim lineage (in green) and the jim real-time expressed cells (in
red) labelled by crossing with GRACE lines, which showed in Disc Proper (DP) The yellow arrow head indicates the MF

65

Results
location. The red arrow indicates the dorsal accumulation of signal. The white arrow head indicate the expression in
photoreceptor cells. (F-F’’’) The jim lineage (in green) and the jim real-time expressed cells (in red) labelled by crossing with
GRACE lines, which showed in Peripodial epithelium (PE). Scale: 50 μm. In all Figures, anterior is to the left. The scale bar is
50 μm. In all figures, anterior is to the left.
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Figure 4.16. jim and pnr is co-expressed in the PE from sn-RNAseq data. jim is expressed in the whole eye-antennal discs
from 84 h AEL to 120 h AEL with slightly increased expression in ocelli, PPN dorsal, and ventral PE. PE, Peripodial epithelium;
PPN, Pre-proneural. Red boxes indicate the co-expression (Figures provided by Gordon Wiegleb, unpublished).
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4.6.3 Genetic interaction between pnr and jim
Since the novel network module predicted a direct interaction of jim and pnr, I next performed RNAi
experiments to functionally test the prediction. RNAi of jim driven by pnr-Gal4 resulted in the
duplication of the antenna (Figure 4.17, A-A’’). The loss-of-function of pnr using the same driver line
also resulted in antennal duplication (Figure 4.17, B). Interestingly, the similar phenotype of antennal
duplication also showed when I performed the loss-of-function of pnr in jim positive cells (Figure 4.17,
C-C’’).

Figure 4.17. jim or pnr loss-of-function both result in duplication of antenna (1 &2). (A-C) Late LIII eye-antennal discs stained
with rabbit anti-Pnr and DAPI. (A-A’’) the loss-of-function of jim in pnr positive cells (B) the loss-of-function of pnr in pnr
positive cells (Buchberger 2019) (C-C’’) the loss-of-function of pnr in jim positive cells. Scale: 50 μm.

Next, I tested, whether RNAi of pnr in jim positive cells affected eye development. RNAi for pnr resulted
in a slight reduction of the size of the dorsal retinal region in eye-antennal discs (Figure 4.18, A & D)
when compared to the wildtype disc (Figure 4.18, B). Note that overexpression of pnr in jim positive cells
resulted in the opposite effect, namely a slight overgrowth the dorsal retinal region (Figure 4.18, C &D).
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Figure 4.18. pnr loss-of-function and gain-of-function in jim-positive cells. (A-C) Late LIII eye-antennal disc stained with
rabbit anti-Pnr antibody and Phalloidin. The arrowhead indicates the morphogenetic furrow. (D) The comparison of length
of ommatidia region in the respective disc. Scale: 50 μm. In all figures, anterior is to the left.

Previous studies showed that pnr is predominantly expressed in the PE (Oros et al., 2010; Buchberger
et al., 2021). The suggested interaction of jim and pnr implies that jim may elicit its function in the PE as
well. Therefore, I performed jim RNAi specifically in the PE driven by the c311-Gal4 (BDRC #5937) line
(Baker et al., 2018)(Figure 4.19, B and B’). This experiment resulted in the ectopic growth of huge
proliferated cells (green arrow in figure 4.19, A’’’) and the reduced retinal region (green arrow in Figure
4.19), suggesting that the observed role of jim during eye development may be caused by its expression
in the PE.
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Figure 4.19. (A-A’’’) the larval eye-antennal disc of loss-of-function of jim in peripodial epithelium cells with extra tissue.
The Phalloidin was shown in green and the red colour represents the expression of elav to label the photoreceptors. (B-B’)
The c311-Gal4 induced the UAS-GFP expressed (in purple) in PE. The scale bar is 50 μm. In all Figures, anterior is to the left.

In summary, these experiments suggest that jim is co-expressed with pnr in the PE. And its expression
in the PE plays an important role in the developmental process of eye-antennal discs.
4.6.4 Genetic interaction between upd and jim
Previous genetic data suggests that jim interacts with upd, which is involved in the initiation of retinal
differentiation (Tsai and Sun, 2004; Mukherjee et al., 2006; Tsai et al., 2007). My GRN approach also
suggested an interaction of jim with upd mediated by pnr. To functionally test this regulatory
interaction, I performed RNAi of pnr and upd in jim positive cells. Both experiments resulted in the
enlargement of adult eyes (Figure 4.20, B &C). A similar enlargement of eyes was also observed for
loss-of-function of upd in pnr positive cells (Figure 4.20, D).
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Figure 4.20. the adult eyes of loss-of-function of pnr and upd both results in the enlargement of eyes (A) adult eye of
StingerII expressed (B) loss-of-function of pnr (C) loss-of-function of upd in jim positive cells (jim-Gal4, BDSC #62478) (D)
loss-of-function of upd in pnr positive cells (pnr-Gal4, VDRC #42374). In all Figures, anterior is to the left.

I also analysed eye-antennal discs of pnr driven upd RNAi to better understand the adult eye
enlargement. The discs showed a stripe in the MF and defects in the arrangement of the MF (Figure
4.21). As predicted in the novel module, pnr is upstream regulating upd in the developing eye-antennal
discs. And the result of abnormal discs indicates for the co-expression of pnr and upd at same stage,
which suggests the potential interaction between Pnr and Upd.
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Figure 4.21. the larval eye-antennal disc of loss-of-function of upd in pnr positive cells with abnormal phenotype. The
Phalloidin was shown in green and the red colour represents the expression of elav to label the photoreceptors. The scale
bar is 50 μm. In all Figures, anterior is to the left.

In summary, my results might indicate co-expression of jim, pnr and upd. And also, the results suggest
that they are involved in eye development. However, the genetic mechanism of these genes in the
novel network module requires further investigation.
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5. Discussion
The novel network module based on integration of several unbiased genome wide datasets in this
study provided new insights into the genetic architecture underlying eye and head development and
variation of these organs in Drosophila. Here I discuss the biological processes those genes are involved
in by combining information from previous studies with novel potential interactions within the
developmental GRN inferred from my data. Additionally, I discuss the implications of my findings on
jim expression and function to conclude that this gene is a novel and variable factor in the GRN
underlying eye-antennal disc development.

5.1 Novel candidate genes that could underlie natural variation in eye size and head shape
between D. melanogaster and D. mauritiana
Among the 19 candidate genes obtained through my integrative data analysis pipeline, 12 genes had
not been implicated in eye-antennal disc development. The observation that they exhibit RNAi
phenotypes, however, suggests an involvement in this process. Among those candidate genes, the
differentially expressed genes between two species are excellent candidate genes. In the following I
will discuss putative novel functions of those genes during eye-antennal disc development.
5.1.1 CG9107
In the bulk-RNAseq result, CG9107 is highly expressed (>50 RPKM) in the developing eye-antennal disc
(Figure 4.7) and the loss-of-function of CG9107 resulted in very severe phenotype from reduction of the
eye field to missing eyes, which was observed in adults and larval eye-antennal discs (Figure 4.4 & 4.6).
The predicted molecular function of CG9107 includes ribosomal RNA- and general nucleotide-binding
activity (Larkin et al., 2021). This putative function in conjunction with my experimental observations
suggest that CG9107 may play a general role during cellular function in the eye-antennal disc.
73

Discussion

Interestingly, the closest human ortholog Ribosomal RNA-processing protein 7A (Rrp7A) plays a role
in neurogenesis and proliferation in the developing human brain (Farooq et al., 2020). Moreover, the
knockout of the zebrafish ortholog of Rrp7A leads to the reduction of the eye, which can be rescued by
injection of Rrp7A mRNA (Farooq et al., 2020). Therefore, a reduction in retinal tissue upon loss-offunction seems to be conserved feature of CG9107/Rrp7A in vertebrates and flies.
5.1.2 Ada2a-containing complex component 1 (Atac1)
In the RNAi knockdown, atac1 led to the partial reduction of adult eyes, while it also resulted in ectopic
growth in the eye-antennal discs (Figure 4.4 and Figure 4.6). These results indicate that the ATAC
complex with Atac1 is associated with the developing eye-antennal disc. atac1 codes for a SANT domain
protein in the histone acetyltransferase (HAT) complex (Guelman et al., 2006; Suganuma et al., 2008).
The well-known ability of the ATAC complex is to modulate gene transcription (Suganuma et al., 2008).
Unlike Atac2, another component of this complex, the detailed regulatory mechanism of Atac1 has not
been dissected yet. The ATAC complex has a known function in histone modification (Sheikh and
Akhtar, 2019). The histone modification is confirmed its essential role in the developing eye of mouse
(Rao et al., 2010) and Xenopus (Xu et al., 2012), and in the eye degeneration of cavefish
(Astyanax mexicanus, (Gore et al., 2018)). Besides, in Drosophila, the histone modification function of
CREB-binding protein (CBP) is required to activate wingless (wg) (Ludlam et al., 2002). Therefore, Atac1
is very likely involved in the developing eye through modulating gene transcription, although it
requires detailed experiments to further reveal the mechanism behind this interaction.
5.1.3 Connector of kinase to AP-1 (Cka)
In the sn-RNAseq data, cka was broadly expressed the eye-antennal disc (Figure 4.8, A) and previous
work showed that it plays a role in PE development (Neal et al., 2020). cka codes for an essential
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component in the STRIPAK-PP2A complexes and the loss of Cka function leads to the absence of the
peripodial epithelium (PE) and the switch of fate from the PE to the disc proper (DP) (Neal et al.,
2020)(Figure 5.1). The mechanism is suggested that Cka as part of the STRIPAK-PP2A complex
inactivates the Hippo (Hpo) kinase to promote the PE fate in the eye-antennal disc (Neal et al., 2020).
Moreover, Cka and other STRIPAK-PP2A complexes also regulate c-Jun-amino-terminal-(NH2)-Kinase
(JNK) signalling in the embryonic epidermis (Chen et al., 2002), in the innate immune system (Liu et
al., 2016), and in the gonad (La Marca et al., 2019). And, JNK signalling has also been studied that
mediate the cell death during the development of the eye (Tare et al., 2016), and induce glia
overmigration (Tavares et al., 2017). Therefore, all those findings suggest that Cka is associated with
eye/head development either through Hpo pathway (Neal et al., 2020) (Figure 5.1) or JNK signalling.
But, the mechanism is required further experiments.
5.1.4 Dachs
In our study, the loss-of-dachs resulted in the reduction of the eye field in the adult and also in larval
eye-antennal discs (Figure 4.4 and 4.6). dachs encodes as a myosin superfamily protein that also
regulates the orientation of cell divisions in the wing imaginal discs (Mao et al., 2011; RodriguesCampos and Thompson, 2014) and the cell orientation of the ommatidia (Cho et al., 2006; Mao et al.,
2006). Dachs is also suggested to interact with the Hpo pathway (Cho and Irvine, 2004; Degoutin et al.,
2013). And, it is confirmed that it is involved in the regulation of Wts (Cho et al., 2006). Thus, it is
suggested that it also plays its role in the determination of the PE fate (Figure 5.1).
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Figure 5.1 Cka and Dachs are involved in Hpo pathway and further affect the PE fate. The Cka/Strip/SLMAP complex will
inactivate Hippo (Hpo). With inactived Hpo (red cross), Warts (Wts) will be repressed by Dachs and cannot repress Yorkie
(Yki) (red cross). Therefore, Yki will be released into nucleus (black arrow) and suppress retinogenesis of cells and maintain
its PE fate; if the Hpo is not inactivated, it will active Wts and further repress Yki and induce the retinogenesis of cells (Figure
is modified from Cho et al., 2006; Neal et al., 2020).

5.1.5 Death-associated protein kinase related (Drak)
The loss-of-function of Drak led to severe eye reduction, from smaller to missing eyes, and duplication
of antenna both in the adult and larval eye-antennal discs (Figure 4.4 and 4.6) and Drak was broadly
expressed in our sn-RNAseq results (Figure 4.8, B). Drak belongs to the Death-associated protein
kinase (DAPK) family and is widely expressed during development in several epithelial tissues
(Neubueser and Hipfner, 2010). Drak is involved in shaping epithelium tissue of the wing, leg and
haltere imaginal discs (Neubueser and Hipfner, 2010) and loss of Drak function in the developing eye
results in abolished ommatida shape and cell sorting, which supports that Drak is involved in the
ommatidia morphogenesis during multicellular patterning (Robertson et al., 2012; Chougule et al.,
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2016). Drak is also associated with actomyosin dynamics through phosphorylating Myosin Regulatory
Light Chain (MRLC, i.e. Spaghetti squash (Sqh)), which is important for the constriction of apical cell
profiles (Robertson et al., 2012; Pichaud, 2014; Chougule et al., 2016) (Figure 5.2). Since the constriction
of apical cells is a crucial process underlying the morphogenetic furrow (MF) progression and thus
retinal differentiation (Schlichting and Dahmann, 2008; Fernandes et al., 2014), this might explain the
severe eye phenotype in the absence of photoreceptor cells with loss of Drak function.
5.1.6 Multiple Epidermal Growth Factor-like Domains 8 (Megf8)
The consequences of loss-of-function of Megf8 showed generally subtle defects in the adult eye
(Figure 4.4, J) and Megf8 was only detected in very few cells of the eye-antennal disc and at low
expression level (Figure 4.7). The vertebrate ortholog of Megf8 is broadly expressed based on ISH and
it is involved in left-right axis patterning (Engelhard et al., 2013). Previous studies in Drosophila Megf8
unravelled a potential function in larval mesoderm development (Murray et al., 2012; Lloyd et al., 2018),
while there is still little prior knowledge to support the biological function of Megf8 in developing eyes.
Interestingly, vertebrate Megf8 is suggested as a modifier of Bone Morphogenetic Protein (BMP) 4
signalling (Engelhard et al., 2013) and this pathway drives the specification of retinal progenitors in
vertebrates (Bielen and Houart, 2012; Wong et al., 2015). In mouse, BMP4 is expressed and plays
essential role in the developing eye (Furuta and Hogan, 1998). Since Decapentaplegic (Dpp) signalling,
as a BMP signalling member, is involved in eye and head formation (Wiersdorff et al., 1996) and it
regulates mesoderm development (Staehling-Hampton et al., 1994) in D. melanogaster, the observed
eye size effects after RNAi of Rat1 may be linked to Dpp/Mad signalling in the eye-antennal disc.
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5.1.7 Rat1 5'-3' exoribonuclease (Rat1)
In our results, Rat1 is expressed in relatively specific cells especially in the MF (Supplementary Figure
4). The loss-of-function of Rat1 led to a large range of phenotypes from subtle defects to severe
reduction of the eye field and some individuals even had ectopic growth of head tissue and eyes (Figure
4.4 and 4.6). Rat1 encodes as exoribonuclease that is required for mRNA processing, such as splicing
(Chen et al., 2016; Dhoondia et al., 2021). The lack of Rat1 activity could lead to problems during splicing,
affecting various genes involved in eye development. Previous results strongly suggest that faulty
splicing can have serious effects on eye development. For instance, mutations of a component of the
spliceosome, Pre-mRNA processing factor 8 (Prp8) that alters the function of apoptotic genes in
eye-antennal discs leading to defects in adult eyes (Stanković et al., 2020). However, there is no further
information about potential functions of Rat1 in the developing eye in Drosophila.
5.1.8 CG9586
Although CG9586 is very highly expressed (Figure 4.7), the loss-of-function only resulted in very subtle
adult eye phenotypes (Figure 4.4). The closest human ortholog is the gene coiled-coil domain containing
43 (CCDC43), which is associated with proliferation in cancer tissue (Wang et al., 2018). In Drosophila,
there is not much information about the biological function of CG9586. However, a high-resolution
protein interaction map showed protein-protein interaction of CG9586 with p38 kinase (Belozerov et
al., 2012). P38 kinase plays a role in stress response (Craig et al., 2004; Vrailas-Mortimer et al., 2011),
cell growth regulation (Cully et al., 2010), and pathogenic defence (Chen et al., 2010), and different p38
pathways were used in lung, liver, and immune system (Cuadrado and Nebreda, 2010). p38 kinases
belong to the mitogen-activated protein kinases (MAPK) family, which are well-investigated to in the
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process of the MF initiation (Fernandes et al., 2015). Hence, it may be worth testing, whether observed
phenotypes obtained after CG9586 RNAi could be linked to problems during the MF initiation.
5.1.9 CG9498
CG9586 is co-expressed with another uncharacterized candidate gene, CG9498. In our RNAseq and
sn-RNAseq results, CG9498 showed low expression levels very specifically in wrapping
glia-subperineurial glia (WG-SPG) cell clusters (Figure 4.5 and 4.6, C). Subperineurial glia cells have
been shown to influence retinal glia cell migration and differentiation (Silies et al., 2007), but a
mechanistic link to the observed strong eye size reduction remains to be established. Additionally,
CG9498 was identified as a down-regulated gene in response to fasting via RNA sequencing (Wang et
al., 2021) and it is associated with detoxification (Scanlan et al., 2020). This suggests that CG9498 might
lead to the pleiotropic effects in the developing eye/head in Drosophila, which needs to be validated.
5.1.10 CG9147
From the sn-RNAseq result, CG9147 is expressed ubiquitously in the eye-antennal disc. The
loss-of-function of CG9147 led to a range of adult eye phenotypes (Figure 4.4) that was recapitulated
by reduction of the eye field in larval eye-antennal discs (Figure 4.6). CG9147 is predicted to code for a
protein with acyltransferase activity (Larkin et al., 2021). In the vertebrate retina, an enzyme with
acyltransferase activity, lecithin:retinol acyltransferase, plays an important role in retinoid production
(Kiser et al., 2012). However, there is lacking relationship between CG9147 and eye/head development
in Drosophila.
5.1.11 beta-site APP-cleaving enzyme (bace)
RNAi for Bace resulted in smaller adult eyes (Figure 4.4). Despite abnormal eye-antennal discs, the
larval phenotype was not as extreme as the adult phenotype (Figure 4.6). The expression of Bace was
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weak and ubiquitous in the developing disc (Figure 4.8). This ubiquitous expression was also shown for
the human ortholog of Bace in the human brain and pancreas (Mowrer and Wolfe, 2008). Accordingly,
I could not detect Bace via immunohistochemistry (data not shown). Bace is an amyloid precursor
protein (APP)-cleaving aspartic protease that cleaves transmembrane proteins. It was shown to have
a function in glial cell survival in D. melanogaster, especially in the subretinal layer (Bolkan et al., 2012).
It was implicated that the knockdown of Bace in D. melanogaster leads to uncleaved APP and might
result in apoptosis of glial cells (Greeve et al., 2004). In the wild-type flies, more than 300 glial cells can
be found in the late third instar eye-antennal disc (Silies et al., 2007). Therefore, the absence of Bace
could potentially affect the migration of glial cells in the disc and this in turn could indirectly affect
photoreceptor cell development.
5.1.12 Trithorax-like (Trl)
Trithorax-like (Trl) is relatively highly expressed in the eye-antennal disc throughout larval
development according to bulk-RNAseq data (Figure 4.8). However, smiFISH did not result in a strong
signal, and I observed a specific signal in photoreceptors (Supplementary Figure 4, B). Trl encodes for
a GAGA transcription factor that plays an important role in the chromatin modification (Bhat et al.,
1996). Trl could have a direct effect on eye development or it may act as a regulator, since it is a
transcription factor and interacts also with other genes, such as Ultrabithorax (Ubx) (Bischof et al.,
2018). But, it still leaves the question on its true involvement in the eye development open.

Overall, among the 19 identified candidate genes, 12 genes with unknown functions were identified
here. Intriguingly, many of these genes may be linked to interesting cellular and molecular processes
that may provide excellent targets for further investigations.
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5.2 Regulatory interactions of candidate genes suggest key developmental processes involved
in eye size variation
5.2.1 General structure of the novel network module
I reconstructed a network module composed of the 19 candidate genes, 20 additional genes which
significantly improved the connectivity of the network and putative regulators of jim expression. This
network module contains a number of core genes, such as Mad, dac, eya, ey, pnr (note that pnr has been
defined as core gene (=hub gene) in Buchberger et al., 2021). Interestingly, many core genes have been
shown to function as “eye master control genes” (Braid and Verheyen, 2008; Zhu et al., 2017). This link
between connectivity in the network and importance for the trait is nicely recapitulated by my
observed positive correlation between number of connections and the phenotypic score (Figure 4.13).
The observation that Jim, Trl, Drak and Rat1 were also highly connected core genes and showed severe
eye phenotypes upon RNAi, suggests that they are central parts of the GRN underlying eye-antennal
disc development. Moreover, the “downstream genes” of those master genes acts as internal nodes,
e.g. da, Cka, wg, and upd (Bonini, 1997; Shen and Mardon, 1997; Neal et al., 2020), which connects some
other candidate genes into the new network module (Figure 4.14).
While some genes are very well-connected, a few candidate genes are only loosely connected within
the network. For instance, CG9498 and Dachs have weakly connected in the GRN that fits to their
strength of phenotype (Figure 4.13). Moreover, the candidate gene Bace is not connected to the
network at all (Figure 4.14). This could be due to its previously established roles in neuronal and glia
cell development (Greeve et al., 2004; Mowrer and Wolfe, 2008; Bolkan et al., 2012), which is very likely
unrelated to eye-antennal disc development. However, the mechanism underlying the observed
reduction in eye size after Bace RNAi remains to be established. A potential function could be as a
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neuronal gene in the differentiation of photoreceptor cells. Its potential biological function in
eye/head development is discussed in chapter 5.1.11.
5.2.2 Regulatory loops are found in the GRN
The identified network module contains a number of feed-forward-loops (FFLs) (Figure 4.14), which
were only rarely observed in the random networks (Figure 4.9). In Milo et al, 2002, the FFLs also occur
more frequently in most of the biological networks than in the randomized networks (Milo et al., 2002).
According to the previous studies, the FFLs are the most dominant connections in stable biological
networks (Milo et al., 2002; Mangan and Alon, 2003; Mora-Martinez, 2021). Interestingly, in the early
third instar larvae, the eye master genes (Pax-six-eya-dac, PSED) regulate each other in a linear pathway
and thereby initiate the MF. In contrast, these PSED genes integrate a complex regulatory loop and
regulate the MF progression in later stages (Figure 2.4 in chapter 2.5.1) (Desplan, 1997; Baker et al., 2018;
Sánchez-Aragón et al., 2019). Similar FFLs are also shown for Glass (Gl) and its targetomes (Potier et al.,
2014) and several FFLs connect the newly added gene jim to other genes (Figure 4.14). Interestingly,
many FFLs within a network suggest that loss-of-function of genes connected by them might lead to
the similar phenotypes. This is indeed what I observed for many of the candidate genes in my GRN. In
summary, FFLs seem to be an important network feature in the GRN underlying eye-antennal disc
development.
5.2.3 Functional implications of established connections
For some genes in the novel network module, we have a very good understanding of the
developmental processes they regulate and how they are integrated with other genes involved in
eye-antennal disc development. For instance, the core genes, dac, eya, ey, are highly connected to each
other and also to other candidate genes in the novel network module and they are associated in the
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same regulatory loop to initiate the MF (see chapter 5.2.2). For those candidate genes that have not yet
been implicated in eye-antennal disc development, a potential function can be inferred by assessing
their molecular function e.g. through predicted protein domains and by transferring knowledge
obtained from other tissues in the fly or from orthologous genes in other organisms (see chapter 5.1).
However, if we assume that connections within a GRN imply functional relationships (i.e.
“guilty-by-association”, (Oliver, 2000)) we may be able to predict an involvement in biological
processes from known functions of connected genes. And also, those genes that share similar GO terms
and biological relationships are very likely be associated to the same biological function (Tian et al.,
2008).
For instance, the mutation of human orthologous of CG9107, Rrp7A, resulted in the down regulation of
Pax6 (Farooq et al., 2020). However, CG9107 does not directly interact with Pax6 orthologous (ey) in my
network module, where the association between CG9107 and Pax6 orthologous is mediated through
many intermediate steps (Figure 4.14). The regulatory hierarchy remains unclear. The network predicts
the co-expression interaction of CG9107 with Cka, which is involved in the PE (Neal et al., 2020) where
Ey also plays a major role (Baker et al., 2018). And, among the candidate genes, Dachs and Cka are both
found involved in subnetwork (i.e. Hpo) in regulating the PE or the DP fate (see Chapter 5.1, Figure 5.1).
Therefore, CG9107 may be relevant to mediate eye development though the PE fate determination.
In the network, cka is also connected with other candidate genes such as da, Drak, Megf8 (Figure 4.14).
Among them, da encodes as a basic Helix-Loop-Helix (bHLH) protein and is shown as eye gene in
previous studies (Brown et al., 1996; Lim et al., 2008; Melicharek et al., 2008). da regulates the
progression of MF through affecting the initiation of G 1 (Brown et al., 1996). In our novel network
module, the interaction between da and cka are co-expression in the eye-antennal discs (Figure 4.8).
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And interestingly, two genes, i.e., CG9147 and Rca1, were not connected with the core network before
adding the additional nodes, roughex (rux) and spalt-related (salr) (Figure 4.8 and 4.12). rux has a
confirmed function in regulating cell cycle progression in the developing eye (Thomas et al., 1994); and
salr is involved in cell proliferation regulation in wings (Organista and De Celis, 2013). Besides, Rca1 is
well-studied as being involved in cell cycle progression via regulation of Cyclin A in the MF (Dong et al.,
1997)(Figure 5.2). Taken together, all these findings indicate the potential function of CG9147 in the
subnetwork of regulating the cell proliferation (Figure 5.2).
Overall, the results show that the candidate genes are part of a well-connected network module. For
instance, jim, is found newly in the GRN. But, it has high connection between other candidate genes
that indicates its essential role with other genes in well-studied subnetwork (Figure 5.2).
In general, some genes and connections are already well established; at the same time, the new genes
and connections are added upon. Therefore, the unbiased screen in combination with regulatory
interactions allows identifying key developmental processes that may evolve to result in eye size
variation.
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Figure 5.2 The candidate genes are involved in several subnetwork. Protein products are represented by circles; while dpp
and hh as genes. Grey circle represents additional nodes in Figure 4.14; White circle is the eye gene upstream of Jim; Black
circle are candidate genes. The dotted line indicates the predicted interaction in the novel network module; the solid line
represents the confirmed regulation path. The grey arrow indicates the function of the subnetwork. MRLC, Myosin
Regulatory Light Chain (Figure modified from Pichaud, 2014; Casares and Almudi, 2016).

5.2.4 Antennal duplication happens in loss-of-function of few candidate genes
Interestingly, most of the phenotypes caused by the loss-of-function of our candidate genes are only
in the eye region (Figure 4.4, 4.5 and 4.6). But, it is noticed that the loss-of-dachs and loss-of-drak led to
the duplication of antennal tissue in eye-antennal discs (Figure 4.4, C, Figure 4.6, C and N). And, the
same antennal duplication is shown in adults with loss-of-function of Trl and Drak. It is suggested that
the double antennae phenotype may be the result of early problems in defining the dorsal-ventral axis
(antennae are ventral structures in the disc) (Oros et al., 2010). Ey has been shown that it affects eye
size by defining where the equator/midline is placed (Baker et al., 2018). This is also an aspect that
85

Discussion

causes eye difference in adults between D. melanogaster and D. mauritiana (Posnien et al., 2012;
Buchberger et al., 2021). Besides, the similar antennal duplication results in the perturbation of cell
cycle and leads to the consequence of over-proliferation of the antenna disc (Duong et al., 2008).

5.3 A potential new role of Jim during eye development
While the network module (Figure 4.14) allows predicting for some of the candidate genes how they
may be linked to known processes regulating eye-antennal disc development, I tested one such link
functionally for the candidate gene jim, which encodes a Zinc finger C2H2 transcription factor
(Doerflinger et al., 1999). In the previous studies, the biological function of jim is shown in dendrite
development (Iyer et al., 2013). This gene was connected to the main part of the network through upd.
Interestingly, previous genetic data suggests that jim interacts with upd, which codes for a cytokine
involved in the Jak/STAT pathway (Mukherjee et al., 2006). Upd and Jak/STAT pathway activity has
been shown to repress wg expression causing the initiation of retinal differentiation marked by the MF
(Tsai and Sun, 2004; Tsai et al., 2007). During the early larval development, Upd is expressed in the
ventral region of eye-antennal disc where it mediates the establishing of D-V midline (Gutierrez-Aviño
et al., 2009). Later at Late LII/early LIII, its expression in a few cells at the posterior pole is linked to the
initiation of the MF (Reynolds-Kenneally and Mlodzik, 2005) (Figure 5.3). Accordingly, ectopic
misexpression of upd results in more photoreceptors and larger eyes (Bach et al., 2003). Once removing
one copy of the jim gene in those JAK/STAT over-expressed flies, jim shows only weak/moderate
suppression of the overgrowth phenotype (Mukherjee et al., 2006). However, the details of the
regulatory process and the exact relationship between Jim and Upd remain unclear.
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Figure 5.3 The expression pattern of jim (in green), pnr (in orange) and upd (in yellow) in the disc proper (A. DP) and
peripodial epithelium (B. PE). The black arrow shows the direction of the growth of eye region. The morphogenetic furrow
progresses from posterior to anterior (grey arrow) (Figure modified from Vollmer et al, 2017; Surkova et al, 2021).

The MF is initiated in the equator region of the eye-antennal disc triggered by signalling from the
posterior marginal cells, which connect the DP to the PE (Gibson and Schubiger, 2000; Baker et al.,
2018). Previous data from Buchberger et al, 2021 suggests that Pnr acts as a hub in the PE and the
posterior margin cells and variation in its expression correlates with eye size differences between
D. melanogaster and D. mauritiana (Buchberger et al., 2021). Jim was identified as putative regulator of
pnr in developing eye-antennal discs (Figure 4.13) and the loss of jim function resulted in duplicated
antennal anlagen, which is also a phenotype reminiscent of loss of pnr function (Figure 4.16).
Additionally, for loss-of-function of pnr or upd in jim positive cells or of upd in pnr positive cells a similar
enlargement of eyes was observed (Figure 4.18). This phenotype was also observed in the previous
study when loss-of-function of pnr was driven (Singh and Choi, 2003; Singh et al., 2005). These findings
suggest a co-localization of Jim, Pnr and Upd and potentially a similar function. Therefore, I
hypothesized that Jim and Pnr may interact to regulate MF initiation through Upd/Jak/STAT signalling
in the posterior margin cells (Figure 5.4).
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Figure 5.4 (A) Interaction of Jim/Pnr/Upd as inferred from my GRN reconstruction. (B) Schematic representation of two
potential regulatory mechanism of Jim/Pnr/Upd in the eye-antennal disc. Black arrows indicate genetic or direct
interactions; the grey arrow indicates an induced process; blue text indicates expression and function in the peripodial
epithelium (PE), in the posterior margin cells (PMC) and in the disc proper (DP).

According to the finding of my experiments, I propose that the Jim/Pnr/Upd interaction could happen
in the PE, i.e. hypothesis 1 (Figure 5.4, B), or through the DP to the PE, i.e. hypothesis 2 (Figure 5.4, B’).
Support for hypothesis 1 comes from previous data that suggests that jim is expressed in the same
region as pnr (Mukherjee et al., 2006; Kim et al., 2017; Buchberger et al., 2021). I performed in situ
hybridization (ISH) (Figure 4.15, B) and Hybridization Chain Reaction (HCR) (Figure 4.15, C), and tracing
the cell lineages with G-TRACE (Figure 4.15, D and E, F and Figure 5.3) to confirm their co-localization.
And their co-localization showed in the G-TRACE results (Figure 4.15, D and E, F and Figure 5.3).
Furthermore, the sn-RNAseq data showed pnr and jim co-expression in PE related clusters (Figure 4.16).
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Most importantly, the loss of jim specifically in the PE induced by c311-Gal4 led to severe phenotype in
eye-antennal discs. Overall, my data provides evidence that jim is expressed in the PE (Figure 4.19).
Since jim is also expressed in other regions of the DP, I cannot exclude the possibility that the expression

of jim in the DP might affect its downstream genes in the PE. Support for hypothesis 2 comes from
previous data. For instance, the communication between DP and PE can happen through juxtacrine
and paracrine signalling in the LI and LII larvae when the apical surfaces of the DP and the PE face each
other (Pallavi and Shashidhara, 2005). Moreover, the signalling (e.g. Hh, Wg and Dpp signalling) from
the PE to the DP that affects the formation of eye-antennal discs has been shown to be mediated
through translumenal extensions (Cho et al., 2000). Additionally, it is also suggested EGFR signalling
(e.g. Spitz) transmits from the DP to the PE to regulate the expression of genes in the PE (Firth and
Baker, 2007). Therefore, Jim may also elicit its function through connections between the DP and the
PE.
Overall, I provided the genetic hierarchies of jim in the GRN with its upstream and downstream
regulatory genes (Figure 4.13 and 5.4, A) and I show that Jim plays important role during eye-antennal
disc development in Drosophila.

In the study, several staining approaches were used to identify when and where the candidate genes
are expressed. Yet according to the bulk-RNAseq (Figure 4.6) and sn-RNAseq result of jim and pnr
(Figure 4.15), the expression varies based on stages and tissues. Therefore, an accurate time course
experiments could provide more detail information about candidate genes. To further validate the
biological function of all 19 candidate genes and how they interact, it might be interesting to detect
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their expression and specifically their co-expression pattern applying HCR, which gave the most
consistent results during my project.

5.4 The genetic architecture of eye size variation in Drosophila is in accordance with the
omnigenic model
The GRN underlying eye development has been studied for more than two decades and the core genes
were identified in D. melanogaster (Kumar, 2009b; Bürgy-Roukala et al., 2013; Potier et al., 2014). The
integration of large-scale loss- or gain-of-function screens and omics datasets allowed to expand the
eye GRN with 241 transcription factors and their 5,632 direct target genes (Potier et al., 2014). In this
study, I found 19 genes in this GRN which are essential for eye development, because their
loss-of-function leads to similar eye reduction phenotypes. As these genes were either differentially
expressed between D. melanogaster and D. mauritiana during eye-antennal disc development or/and
are positional candidates associated with eye size differences in D. melanogaster, those genes are
excellent candidate genes that may be involved in regulating inter-specific eye size variation. The 19
genes are involved in very different biological and molecular processes. Such a finding is well in line
with the recently proposed omnigenic model, that many genes with general cellular functions and
ubiquitous expression and few specific genes with specific functions underlie variation in quantitative
traits (Boyle et al., 2017). Accordingly, it is almost impossible to reveal individual genes responsible for
phenotypic variation in quantitative traits. It has been suggested that meaningful biological insights
can be obtained when genes underlying polygenic trait variation are analysed in GRN context.
Specifically, a great potential lies in the identification of GRN modules that may contain genes
involved in similar biological processes (Fagny and Austerlitz, 2021). Among 19 candidate genes, there
is no single gene without effect (i.e. non-zero contribution). This “non-zero” contribution to eye/head
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development of those candidate genes supports that those candidate genes are highly interconnected
(Fagny and Austerlitz, 2021). And, those genes can be characterized as “core-genes” and “peripheral
genes” as previous suggested in omnigenic model (Boyle et al., 2017; Fagny and Austerlitz, 2021). For
instance, atac1 is only directly connected with CG9107 as a less connected peripheral gene. It is found
that it is expressed in very few cells during the development of the eye-antennal disc according to the
expression level and sn-RNAseq dataset (Figure 4.5 and F). Furthermore, the loss-of-atac1 leads to a
relatively weak phenotype. Yet, except for the well-studied genes, there are other core-genes, such as
Drak, pnr and jim. Those core-genes are found highly connected to other candidate genes (Figure 4.14).
And the loss-of-function of those core-genes could result in severe loss of eye (Figure 4.5) (Oros et al.,
2010).
With my work, I employed a GRN centric approach, which indeed resulted in the identification of
interesting biological processes, such as gene expression and function in the PE, cell death control and
differentiation that may underlie natural variation in eye size and head shape between D. melanogaster
and D. mauritiana. Therefore, instead of a single master gene, eye and head development is regulated
by a group of core-genes and some peripheral genes.
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6. Supplementary Tables and Figures
Supplementary Table 1. SmiFISH probes for Trl generated by Biosearch Technologies with 28nt FLAP sequence added
(CCTCCTAAGTTTCGAGCTGGACTCAGTG).

Name
Trl-1
Trl-2
Trl-3
Trl-4
Trl-5
Trl-6
Trl-7
Trl-8
Trl-9
Trl-10
Trl-11
Trl-12
Trl-13
Trl-14
Trl-15
Trl-16
Trl-17
Trl-18
Trl-19
Trl-20
Trl-21
Trl-22
Trl-23
Trl-24
Trl-25
Trl-26
Trl-27
Trl-28
Trl-29
Trl-30
Trl-31
Trl-32
Trl-33
Trl-34
Trl-35

Sequence
CCTCCTAAGTTTCGAGCTGGACTCAGTGgaattcattggcagcgacat
CCTCCTAAGTTTCGAGCTGGACTCAGTGgcagcgcaacaattggattg
CCTCCTAAGTTTCGAGCTGGACTCAGTGaacgtgcaatcgacgaggtc
CCTCCTAAGTTTCGAGCTGGACTCAGTGctatcttgtgggcgggaaaa
CCTCCTAAGTTTCGAGCTGGACTCAGTGaagtccagcagaaaggggga
CCTCCTAAGTTTCGAGCTGGACTCAGTGcttgcatggtgtattcttta
CCTCCTAAGTTTCGAGCTGGACTCAGTGcagccaacataaccactgga
CCTCCTAAGTTTCGAGCTGGACTCAGTGtccagatcgttcgcattgac
CCTCCTAAGTTTCGAGCTGGACTCAGTGcggtacacaaactccagcag
CCTCCTAAGTTTCGAGCTGGACTCAGTGgtgtagtcgtccttggtaac
CCTCCTAAGTTTCGAGCTGGACTCAGTGatgtgctgcagttgtatcga
CCTCCTAAGTTTCGAGCTGGACTCAGTGttggtcgtgatgttgtggaa
CCTCCTAAGTTTCGAGCTGGACTCAGTGcgatcgtggcaatcagttgg
CCTCCTAAGTTTCGAGCTGGACTCAGTGatgaaccgtttgctgtggag
CCTCCTAAGTTTCGAGCTGGACTCAGTGtgatgatggatgtcctccac
CCTCCTAAGTTTCGAGCTGGACTCAGTGgtcgttgcctggagaatctg
CCTCCTAAGTTTCGAGCTGGACTCAGTGtcggttgtcacaatggtctg
CCTCCTAAGTTTCGAGCTGGACTCAGTGtgaatcactgcctggtcatg
CCTCCTAAGTTTCGAGCTGGACTCAGTGgtttgcgtgccggaagaaaa
CCTCCTAAGTTTCGAGCTGGACTCAGTGgtgacattttctttacgcgt
CCTCCTAAGTTTCGAGCTGGACTCAGTGactttgcttattttcggtgc
CCTCCTAAGTTTCGAGCTGGACTCAGTGcataatcgtatccattcctt
CCTCCTAAGTTTCGAGCTGGACTCAGTGcgtgtgaagaggtcggtgtg
CCTCCTAAGTTTCGAGCTGGACTCAGTGgtgtggatgatagcagttgg
CCTCCTAAGTTTCGAGCTGGACTCAGTGtttgtccttcgctcttgatg
CCTCCTAAGTTTCGAGCTGGACTCAGTGtccatggtcacaatagtctc
CCTCCTAAGTTTCGAGCTGGACTCAGTGttaccggtatcatgttgttg
CCTCCTAAGTTTCGAGCTGGACTCAGTGcttgtgctggtgttatctcg
CCTCCTAAGTTTCGAGCTGGACTCAGTGataggacgccgcttgtattg
CCTCCTAAGTTTCGAGCTGGACTCAGTGcggatgtttagcgcgttttg
CCTCCTAAGTTTCGAGCTGGACTCAGTGtgaacgtggtttctctgttc
CCTCCTAAGTTTCGAGCTGGACTCAGTGagcaggttgttcagattgtg
CCTCCTAAGTTTCGAGCTGGACTCAGTGcagcatagcaaatggggcaa
CCTCCTAAGTTTCGAGCTGGACTCAGTGaggttccgggattgacgaat
CCTCCTAAGTTTCGAGCTGGACTCAGTGaaaatgccgcagctcgagat
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Trl-36
Trl-37
Trl-38
Trl-39
Trl-40
Trl-41
Trl-42
Trl-43

CCTCCTAAGTTTCGAGCTGGACTCAGTGttttcttctccttcttcacg
CCTCCTAAGTTTCGAGCTGGACTCAGTGaattgaaagcggagctccac
CCTCCTAAGTTTCGAGCTGGACTCAGTGattgcctatgatctgatggc
CCTCCTAAGTTTCGAGCTGGACTCAGTGagtcagttatattcacctga
CCTCCTAAGTTTCGAGCTGGACTCAGTGaaatgttcttgttgttgccc
CCTCCTAAGTTTCGAGCTGGACTCAGTGttaccgcctttcaaaatgaa
CCTCCTAAGTTTCGAGCTGGACTCAGTGgcctgttgctgtttacgtat
CCTCCTAAGTTTCGAGCTGGACTCAGTGtacgtattattaccgccttt
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Supplementary Table 2. SmiFISH probes for Rca1 generated by Biosearch Technologies with 28nt FLAP sequence added
(CCTCCTAAGTTTCGAGCTGGACTCAGTG).

Name
rca1-1
rca1-2
rca1-3
rca1-4
rca1-5
rca1-6
rca1-7
rca1-8
rca1-9
rca1-10
rca1-11
rca1-12
rca1-13
rca1-14
rca1-15
rca1-16
rca1-17
rca1-18
rca1-19
rca1-20
rca1-21
rca1-22
rca1-23
rca1-24
rca1-25
rca1-26
rca1-27
rca1-28
rca1-29
rca1-30
rca1-31
rca1-32
rca1-33
rca1-34
rca1-35
rca1-36

Sequence
CCTCCTAAGTTTCGAGCTGGACTCAGTGcaactcgaaggatgaccctc
CCTCCTAAGTTTCGAGCTGGACTCAGTGtgtagccagactcgttcatc
CCTCCTAAGTTTCGAGCTGGACTCAGTGaattgtgcagcgccaggaag
CCTCCTAAGTTTCGAGCTGGACTCAGTGataaaaatggcgtctccgcg
CCTCCTAAGTTTCGAGCTGGACTCAGTGgatgcattgcgacagttttc
CCTCCTAAGTTTCGAGCTGGACTCAGTGcccgaaagaatgttgtggta
CCTCCTAAGTTTCGAGCTGGACTCAGTGcagtaaaggtcctgctcctg
CCTCCTAAGTTTCGAGCTGGACTCAGTGtgtgttctgggatagggctt
CCTCCTAAGTTTCGAGCTGGACTCAGTGctccgcggaaaatttctttt
CCTCCTAAGTTTCGAGCTGGACTCAGTGgcggagtcatagagaaaggc
CCTCCTAAGTTTCGAGCTGGACTCAGTGttgggcagactatgctcatc
CCTCCTAAGTTTCGAGCTGGACTCAGTGgtgtggcgattgaaagtgtt
CCTCCTAAGTTTCGAGCTGGACTCAGTGcagctttttggacttcttgg
CCTCCTAAGTTTCGAGCTGGACTCAGTGggttcttctatgtggggaaa
CCTCCTAAGTTTCGAGCTGGACTCAGTGcgccgtagaagcgattcttg
CCTCCTAAGTTTCGAGCTGGACTCAGTGacgatatccagcttttcgac
CCTCCTAAGTTTCGAGCTGGACTCAGTGacatgacgcagtatgcactg
CCTCCTAAGTTTCGAGCTGGACTCAGTGgataccttggtcatcacgtc
CCTCCTAAGTTTCGAGCTGGACTCAGTGgcgttggctgcgataaacag
CCTCCTAAGTTTCGAGCTGGACTCAGTGtcaatttgagtcggtggttc
CCTCCTAAGTTTCGAGCTGGACTCAGTGgtgaggattctctttggtta
CCTCCTAAGTTTCGAGCTGGACTCAGTGtatggttcgaggtctgcaat
CCTCCTAAGTTTCGAGCTGGACTCAGTGatcaggtggatgctcgagtt
CCTCCTAAGTTTCGAGCTGGACTCAGTGcgcttatgaaaacccggctg
CCTCCTAAGTTTCGAGCTGGACTCAGTGacaataggttttcgccacac
CCTCCTAAGTTTCGAGCTGGACTCAGTGtgtacgtccaataggcagag
CCTCCTAAGTTTCGAGCTGGACTCAGTGtcatgcaggggaatgtgctg
CCTCCTAAGTTTCGAGCTGGACTCAGTGgacaggaagcgtttgagagg
CCTCCTAAGTTTCGAGCTGGACTCAGTGaagtcctgacctcgtcaaga
CCTCCTAAGTTTCGAGCTGGACTCAGTGaagttatatggcggtccttg
CCTCCTAAGTTTCGAGCTGGACTCAGTGgatgacactggtgcattcgg
CCTCCTAAGTTTCGAGCTGGACTCAGTGtgacgcagaaccgaaactgg
CCTCCTAAGTTTCGAGCTGGACTCAGTGggatgcgacttgcacagaca
CCTCCTAAGTTTCGAGCTGGACTCAGTGtcatcagtttggatggtgtg
CCTCCTAAGTTTCGAGCTGGACTCAGTGttccttgtgattttcggatc
CCTCCTAAGTTTCGAGCTGGACTCAGTGtaaaagcagagccgcttgag
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Supplementary Table 3. Detailed gene lists in the QTL region with FlybaseID. https://doi.org/10.25625/HIKEIZ
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Supplementary Table 4. Detailed gene lists obtained as part of the candidate gene identification pipeline.
https://doi.org/10.25625/HIKEIZ
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Supplementary Figure 1. GO enrichment of putative pnr regulators.

97

Supplementary Tables and Figures

Supplementary Figure 2. UMAP Annotation of sn-RNAseq data in 120 h AEL MF, morphogenetic furrow; MF_SoxN,
morphogenetic furrow with SoxN expression; WG, Wrapping glia; PG, Perineurial glia; PhR, Photoreceptor; SMW, Second
mitotic wave; EAB, Eye-antennal border; PE, Peripodial epithelium; PPN, Pre-proneural domain; Ribo, cells that express
ribosomal genes (Figures provided by Gordon Wiegleb, unpublished).
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Supplementary Figure 3. (A-A’’’) Bace RNAi induced by different Gal4 driver lines. Tsh-Gal4 (A), Elav-Gal4 (A’), wg-Gal4 (A’’)
and dpp-Gal4 (A’’’). The elav-Gal4 induced RNAi in the developing photoreceptors (D). Actin detected by Phalloidin is shown
in green and the red colour represents the expression of Elav to label the photoreceptors. The scale bar is 50 μm. In all
Figures, anterior is to the left. Related to in Figure 4.5.
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Supplementary Figure 4. Spatial expression of selected candidate genes. Rat1 (A) is detected via classic in-situ
hybridization with negative control based on hybridisation with a sense probe (A’). The arrowhead represents the MF
region in the eye-antennal disc. (B-B’’) The expression pattern of wg detected via HCR. (C-C’’’) Trl expressing cells detected
via SmiFISH.
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Supplementary Figure 5. (A-I) The number of edges of each network. Y-axis is the number of edges. X-axis is 1) predicted
interactions, 2) shared protein domains, 3) co-expression, 4) co-localization, 5) genetic interaction and 6) physical
interaction. The networks were constructed with gene lists in table 4.1.
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Supplementary Table 5 The average numbers and percentage of each type of edges from 10 randomly selected networks among all gene lists (see abbreviation in Table
4.1). The column with grey filling shows the percentage of each type of edges.
A.

B.
df_EAD

C.
Exp_EAD_QTL

D.
df_EAD_QTL

E.

F.

QTL

No defect

Candidate

Predicted

0,1

0,77

0,1

0,89

0,9

5,49

0,2

1,63

0,4

2,52

5

15,15

Shared protein
domains

0

0,00

0

0,00

0,7

4,27

0,5

4,07

0,7

4,40

0

0,00

Co-expression

9,5

73,08

9,1

81,25

11,8

71,95

9,6

78,05

12,9

81,13

22

66,67

Co-localization

2,7

20,77

1,9

16,96

2,3

14,02

1,9

15,45

1,7

10,69

1

3,03

Genetic
Interactions

0

0,00

0

0,00

0

0,00

0

0,00

0

0,00

4

12,12

Physical
Interactions

0,7

5,38

0,1

0,89

0,7

4,27

0,1

0,81

0,2

1,26

1

3,03

Total

13

100,00

11,2

100,00

16,4

100,00

12,3

100,00

15,9

100,00

33

100,00
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Supplementary Figure 6. Positive correlation (R2 = 0.4474; p = 0.017393) between phenotypic score and the number of
connections without uncharacterized genes. Y-axis represents the phenotype score (percentage) of the loss-of-function of
each gene in Figure 4.3. X-axis represents the number of connections of the respectively genes.
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