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Summary:

The placement of eyes on insect head is an important evolutionary trait. The stalk-eyed fly,
Cyrtodopsis whitei (C. whitei), exhibits a hypercephaly phenotype where compound eyes are
located on lateral extension from the head while the antennal segments are placed inwardly on this
stalk. This stalk-eyed phenotype is characteristic of the family Diopsidae in the Diptera order and
dramatically deviates from other dipterans, such as Drosophila. Like other insects, the adult eye
and antenna of stalk-eyed fly develop from a complex eye-antennal imaginal disc. We analyzed the
markers involved in proximo-distal (PD) axis of the developing eye imaginal disc of the stalk-eyed
flies. We used Aomothorax (hth) and distalless (dlf), two highly conserved genes as the marker for
proximal and distal fate, respectively. We found that lateral extensions between eye and antennal
field of the stalk-eyed fly’s eye-antennal imaginal disc exhibit robust Hth expression. Hth marks
the head specific fate in the eye- and proximal fate in the antenna-disc. Thus, the proximal fate
marker Hth expression evolves in the stalk-eyed flies to generate lateral extensions for the
placement of the eye on the head. Moreover, during pupal eye metamorphosis, the lateral
extension folds back on itself to place the antenna inside and the adult compound eye on the distal
tip. Interestingly, the compound eye in other insects does not have a prominent proximo-distal axis
as observed in the stalk-eyed fly.
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Introduction

During evolution, morphological diversity is an outcome of modification of body plans due
to changes in the existing developmental programs. Some Diptera have extensive head
hypercephaly, forming protrusions called antlers and stalk-eyes (Schutze et al., 2007;
Sivinski, 1997; Wilkinson and Dodson, 1997). Evolutionarily, eye development is a
relatively new trait. Most flies have characteristic compound eyes and antennae on their
head, but the stalk-eyed flies have their eye located at the end of long lateral extension, or
stalks. Unlike other stalk-eye flies where only the eye is located on the stalk, the stalk-eyed
fly from the Diopsidae family have the antenna, eye and optic lobe located at the end of the
stalk (Buschbeck and Hoy, 2005; Buschbeck et al., 2001). The “stalk-eyed” morphology is a
dramatic deviation from other dipterans, including Drosophila (Buschbeck and Hoy, 1998).
It is known that the length of the stalk or eye span, a sexually dimorphic trait, varies among
different Dipteran species (Baker et al., 2001; Buschbeck et al., 2001). Stalk length plays an
important role in the selection of a male mating partner, where males with longer stalks have
an advantage over other males (Cotton et al., 2014; Wilkinson and Reillo, 1994). The role of
these extreme sexual dimorphic structures in sexual selection and meiotic drive have been
discussed (Baker et al., 2001; Baker and Wilkinson, 2001; Cotton et al., 2014; Grimaldi and
Fenster, 1989; Warren and Smith, 2007; Wilkinson and Dodson, 1997; Wilkinson and Reillo,
1994).

In insects, adult appendages develop from a group of cells that are set aside during
embryonic development, which undergo patterning and growth during larval stages, and then
metamorphose to adult appendages during pupal development. Drosophila melanogaster, a
holometabolous insect, has blue print for its adult organs housed inside the larva as a
monolayer epithelium called as imaginal discs (Cohen et al., 1993; Held, 2002). Upon
differentiation, the larval eye-antennal imaginal disc gives rise to an adult compound eye,
antenna and head capsule (Atkins and Mardon, 2009; Hurley et al., 2002; Peters, 2002;
Poulson, 1950; Ready et al., 1976; Singh et al., 2005a; Singh et al., 2012; Tsachaki and
Sprecher, 2012). In Drosophila, a core cascade of genes referred to as the retinal
determination and differentiation machinery is required to form an eye. The core genetic
machinery is comprised of Pax-6 homolog eyeless (ey), eyes absent (eya), dacshund (dac)
and sineoculis (so) (Atkins and Mardon, 2009; Kango-Singh et al., 2003; Kumar, 2018;
Singh et al., 2012; Tare et al., 2013a). During eye development, both positive and negative
regulators are involved in determination and differentiation of the eye field. Among the
negative regulators, include ~omothorax (hth) (Moskow et al., 1995) and wingless (wg), a
morphogen, which serves as the ligand for the evolutionarily conserved Wingless/Wnt
signaling pathway. Hth is a TALE type homeodomain protein and interacts physically with
homeodomain protein Extradenticle (Exd) to promote its nuclear localization (Jaw et al.,
2000; Kurant et al., 1998; Pai et al., 1998; Rieckhof et al., 1997). Hth expresses uniformly in
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the first instar larval eye-antennal disc, but it retracts from the posterior region of the second
instar larval eye-antennal imaginal disc. In third instar larval eye-antennal imaginal disc, Hth
expression is in the proximal region of antenna and in the anterior region of the eye disc
(Bessa et al., 2002; Lebreton et al., 2008; Pai et al., 1998; Singh et al., 2004; Singh et al.,
2002; Singh et al., 2011; Wang and Sun, 2012). Apart from these, several other genes are
involved in eye development (Jang et al., 2003; Kumar, 2018). These genes also include the
ones that regulate axial patterning (Cavodeassi et al., 1999; Chern and Choi, 2002; Cho and
Choi, 1998; Dominguez and de Celis, 1998; Maurel-Zaffran and Treisman, 2000; Oros et al.,
2010; Papayannopoulos et al., 1998; Sato and Tomlinson, 2007; Tare et al., 2013a).

Axial patterning is a crucial developmental program where the monolayer organ primordium
transitions into a three—dimensional organ by delineating the antero-posterior (AP), dorso-
ventral (DV) and proximo-distal (PD) axis. Interestingly, in Drosophila dorso-ventral axis is
the first axis defined, which is followed by delineation of antero-posterior axis (Oros et al.,
2010; Singh et al., 2005a; Singh and Choi, 2003; Singh et al., 2005b; Singh et al., 2012; Tare
et al., 2013a). Majority of insects, including Drosophila, the adult eye is present in a socket
on the head. Therefore, there is no well-defined PD axis in these insect eyes. However, in the
case of the stalk-eyed fly, these lateral extensions from the head may be due to the
generation of a novel PD axis. In Drosophila, PD axis in other appendages is defined by
function of genes like Ath for the proximal fate (Gonzalez-Crespo and Morata, 1996; Wu and
Cohen, 1999), gac for the medial (Mardon et al., 1994), and d//for the distal fate (Cohen et
al., 1989; Cohen and Jurgens, 1989).

We wanted to study the developmental mechanism guiding the generation of the “stalk-
eyed” morphology. To do this, we looked into the imaginal development of the stalk-eyed
flies and compared it to that of Drosophila. It has been reported that the stalk-eye like
pattern results from the extension of the optic vesicle (Buschbeck and Hoy, 2005; Buschbeck
et al., 2001). It is interesting how this optic vesicle extension and lateral extension from the
head contribute towards the generation of final stalk eye phenotype. We analyzed eye-
antennal imaginal disc development during late larval and pupal stages. We found that
organization of the stalk-eyed fly eye disc is similar to the organization of Drosophila eye
disc (Buschbeck and Hoy, 1998; Buschbeck et al., 2001). However, there is an exception in
terms of a tube-like projection between the eye and the antenna disc. Interestingly, in larval
eye disc, the eye region is posterior and antennal region is anterior. Moreover, in the adult
eye, the arrangement of the eye with respect to the antenna is reverse, where the eye is at the
anterior tip and the antenna is placed posteriorly on the stalk. Since genetic machinery is
highly conserved across the species, the antibodies from one species can cross react with
others. We used antibodies against Drosophila proteins to study the expression of the
patterning genes in stalk-eyed fly eye development. We used markers for axonal targeting
from the retina to brain, proneural fate markers to determine the eye fate, and finally the
proximal and distal fate markers like DIl and Hth to mark the fate of the developing eye-
antennal disc. Here we present that intervening region between the eye and antennal field of
larval eye-antennal imaginal disc exhibits robust expression of proximal fate marker Hth.
The changes in the final morphology is due to the cell movements during the time window
of 24-48 hours of pupal development.
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Material and Methods

Fly culture:

We used the stalk-eyed fly Cyrtodopsis whiter in this study. The stalk-eyed fly colony was
maintained at 25°C on a 16h: 8h light and dark cycle in population cages. A population cage
is a transparent plastic chamber (60cm x 60cm, commonly used for rearing a large
Drosophila colony). Each cage has around 200 flies. Stalk-eyed flies were reared on
Drosophila food supplemented with ground sweet corn food source, activated yeast, and
liberal supply of water. The stalk-eyed flies laid eggs on decayed Araceae leaves that were
covered with a nylon mesh in box. Larvae that hatched from the egg moved to the decayed
leaves. Larvae were reared in uncrowded conditions (Baker et al., 2001; Baker and
Wilkinson, 2001) until third instar larval or early pupal stage. The white pupae were
transferred to dry vials to prevent newly emerged flies from sticking to the wet decayed
leaves.

We used the wild-type Canton-S stock of D. melanogaster in this study. Fly stocks were
maintained at 25°C on a cornmeal, molasses food. The third instar larvae at the wandering
stages were collected from the culture bottles for immunohistochemistry.

Immunohistochemistry

Both stalk-eyed fly and Drosophila eye-antennal imaginal discs were dissected out from
wandering third instar larvae in 1x Phosphate Buffered Saline (PBS) and fixed in freshly
prepared 4% paraformaldehyde (in PBS) for 20 minutes (Singh et al., 2002; Tare et al.,
2013b). Eye imaginal discs were washed (thrice) in PBST (1x PBS+2% Triton-X-100) for
10 minute per wash. After washes, eye-imaginal discs were blocked for one hour in 10%
normal goat serum (NGS) in PBST. The discs were incubated overnight at 4°C in one or a
combination of the following primary antibodies viz., mouse anti-22C10 (1:100)
(Developmental Studies Hybridoma Bank, DSHB), mouse anti-Dac (1:100) (DSHB), rat
anti-ELAV (1:200) (DSHB), and rabbit anti-Hth (1:200) (Pai et al., 1998). Following
primary antibody incubation, the discs were washed three times in PBST for 10 minute each
and blocked for 30 minute in 10% goat serum in PBST. The discs were incubated with
secondary antibodies for about 2 hour at room temperature and washed three times in PBST
for 10 minute. Secondary antibodies (Jackson Laboratories) used were donkey anti-rat 1gG
conjugated with Cy5 (1:200), donkey anti-rabbit 1gG conjugated to Cy3 (1:400) or goat anti-
mouse IgG conjugated to FITC or Alexa Fluor 488 (1:200). The stalk-eyed fly eye-antennal
imaginal discs were mounted in DABCO (Sigma) mountant in 90% glycerol. While
mounting stalk-eyed flies precautions were taken to prevent folding of the lateral extension
between the eye and antennal discs. The stalk-eyed imaginal disc were photo-documented
on a Zeiss LSM510 confocal microscope. While the Drosophila eye-antennal imaginal discs
were mounted in Vectashield (Vector labs), and images were taken on Olympus Fluoview
Laser scanning Confocal Microscope (Tare et al., 2016). The final images and figures were
prepared using Adobe Photoshop CS6 software.
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Scanning Electron Microscopy

The stalk-eyed flies” heads were excised from their body, and fixed overnight at 4°C in
freshly prepared 4% paraformaldehyde in the phosphate buffered saline (PBS). The tissues
were then post-fixed in OsO4.dH,0. Following dehydration in an ethanol series, the samples
were processed for critical drying in CO, and coated with gold using a sputter coater. The
adult heads were mounted on carbon tape covered aluminum stubs. Mounting of stalk-eyed
fly tissue requires special attention, as the stalk-eyed head tend to roll over on the carbon
tape. Images were captured using JEOL scanning electron microscope. For Drosophila, the
sample was dehydrated through an acetone series, and then treated with 1:1 acteone/HMDS
(Hexa Methy! Di Silazane, Electron Microscopy Sciences) solution for 24 hours. After
which the samples were treated with 100% HMDS and were set aside to air dry in the hood.
Dehydrated flies were mounted on Electron Microscopy Sciences (EMS) stubs and coated
with gold using a Denton vacuum sputter coater (Tare and Singh, 2009). Images were
captured using a Hitachi S-4800 High Resolution Scanning Electron Microscope (HRSEM).
The final images and figures were prepared using Adobe Photoshop CS6 software.

Adult Eye Imaging

Results

Adult flies were prepared for imaging by freezing at —20°C for approximately 2 hours
(Sarkar et al., 2018a; Wittkorn et al., 2015). Images were captured on a stereomicroscope
attached to a camera. The final images were prepared using Adobe Photoshop CS6 software.

Spatial organization of eye

The stalk-eyed fly, like Drosophila, are holometabolous insect. The Drosophila, adult eyes
are embedded in the adult fly head (Figure 1A, C). The Drosophila eye-antennal imaginal
disc consists of eye- and antennal- region with small intervening region between the two
domains (Figure 1B). The Drosophila adult eye comprises of nearly 600-800 unit eyes or
ommatidia (Kumar, 2018; Ready et al., 1976; Singh et al., 2012; Tare et al., 2013a; Wolff
and Ready, 1993). The Drosophila adult eye has small mechanosensory bristles between
ommatidia called inter-ommatidial bristles (Figure 1H). In comparison, the stalk-eyed fly
exhibits a unigue morphological deviation in the placement of the compound eye and
antenna on the adult fly head (Figure 1E). Adult stalk-eyed fly’s compound eye (Figure 1G),
develops from the larval eye-antennal imaginal disc (Figure 1F). The eye-antennal imaginal
disc of stalk-eyed fly consists of three distinct domains. The eye- and antennal-region are
connected by a long intervening region in stalk-eyed fly imaginal disc (arrowhead, Figure
1F). The adult eye is present on the distal tip of the lateral extension, which projects from
the head, and the antenna is present inside of this lateral extension (Figure 1G). The adult
compound eye of stalk-eyed fly comprises of several unit eyes called ommatidia (Figure
1H). Moreover, the stalk-eyed fly adult eye lacks the inter-ommatidial bristles (Figure 1H).
Even though the basic pattern is similar between the eyes of Drosophila and stalk-eyed fly,
presence of a lateral extension in the imaginal disc, the placement of eye on the adult head,
and absence of interommatidial bristle remain the key differences.
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Retinal axonal targeting in Drosophila and Stalk-eyed fly

During visual system development, connections are formed between the retinal
photoreceptor neurons and the brain. The differentiating neurons send out the axons that
innervate different parts of the brain (Newsome et al., 2000). Since the genetic machinery is
conserved, some of the antibodies against Drosophila protein also cross-react with other
insects. We used an antibody against the Drosophila Futsch protein called 22C10 that marks
all axons in the nervous system (Zipursky et al., 1984). The rationale behind this approach
was to study the gross organization of photoreceptors clusters in the stalk-eyed fly and
Drosophila. \n Drosophila, the axonal projections from ommatidia fasciculate and pierces
the basement membrane of the eye disc, which then extends through the optic stalk into
different layers of brain like lamina and medulla (Figure 2A, B) (Cutler et al., 2015; Moran
et al., 2013; Sarkar et al., 2018b; Zipursky et al., 1984). In stalk-eyed fly, 22C10 marks
axons from photoreceptor neurons that organize into an axonal bundle. The axonal bundle
projections from the eye antennal disc innervate the entire depth of the brain (Figure 2C, D)
(Buschbeck and Hoy, 1998). The Futsch (22C10) antibody also marks the Bolwig’s nerve,
which extends from the larval photoreceptor organ along the length of eye-antennal disc and
then innervates the optic stalk as seen in the eye-antennal imaginal disc of stalk-eyed fly
(Figure 2C, D) as well as the Drosophila eye imaginal disc (Figure 2A, B).

Expression of Retinal Determination gene

The Drosophila antibody against Dac protein, encoded by a retinal determination and
differentiation gene, can cross react with stalk-eyed fly proteins. In Drosophila eye-antennal
disc, Dac expression is in a crescent moon pattern within the dorso-lateral regions of the
third antennal segment (Figure 3A, A’) (Mardon et al., 1994). In the eye disc, Dac
expression initiates at the posterior margin prior to initiation of the morphogenetic furrow
(MF) (Figure 3A, arrow). Strong Dac expression is observed in the unpatterned epithelium
preceding the MF as it moves anteriorly across the eye disc. Posterior to the MF, Dac
expression is primarily in photoreceptors R1, R6 and R7 and cone cells (Figure 3A, A’). Dac
is expressed only in the part of the eye disc, which is fated to become retina (Mardon et al.,
1994), whereas the periphery of the disc that is destined to become head cuticle does not
express Dac (Figure 3A, A’). Dac expression in the stalk-eyed fly eye imaginal disc is
similar. It is expressed in the unpatterned epithelium preceding the eye field boundary
(Figure 3B, C, marked by white arrow). Moreover, like Drosophila eye imaginal disc, Dac
expression is also posterior to the MF (Figure. 3F, white arrow). Dac expression is different
in antennal disc as it is expressed strongly in medial region but has some weaker expression
in the distal region too (Figure 3B, D). During pupal eye development, Dac expression is no
longer present in retina, although it is expressed in a band of cells in the optic lobe (Figure
3D). Thus, Dac expression in eye imaginal disc is comparable between Drosophila and
stalk-eyed fly.

Stalk-eyed fly exhibit distinct proximo-distal axis

During Drosophila larval eye antennal disc development, Hth expression is restricted
anterior to the MF in the developing eye, which corresponds to the head fate. In the third
instar antennal disc, Hth is expressed Hth expression is in the proximal ring and also served
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as a proximal fate marker (Pai et al., 1998; Rieckhof et al., 1997; Singh et al., 2011). In the
third instar eye-antennal imaginal disc, Hth expression is anterior to the MF, and in the
peripodial membrane, which corresponds to the head cuticle of adult fly (Figure 4A, A’).
Interestingly, third instar larval eye—antennal disc of stalk-eyed fly has a long extension,
which connects the eye and antennal field (Figure 1E, 4B, black arrow). This extension is
not present in the Drosophila eye-antennal imaginal disc (Figure 1B). Moreover, the
proximal fate marker Hth showed a robust expression in proximal concentric rings in
antenna, and head region, which is anterior to the eye field marked by the proneural marker
Elav (Figure 4C). Surprisingly, there was robust expression of Hth in the extension that
connects the eye field to the antennal field of the stalk-eyed fly (Figure 4D, white arrow). In
the developing antennal disc of stalk-eyed fly, Hth was expressed in the outermost antennal
ring that corresponds to the proximal fate whereas DII, a marker for distal fate, was
expressed robustly in the inner concentric rings of the antennal disc (Figure 4E). DIl was not
expressed in the eye region of stalk-eyed fly eye-antennal disc. During early pupal
development, Hth expression marked the antenna and lateral extensions as well as the
peripodial membrane of the eye-antennal imaginal disc of stalk-eyed fly (Figure 4 F, arrow).
During later stages of pupal development, Hth expression was restricted to the margin of the
eye field with optic lobe (Figure 4G). Thus, Hth, a proximal fate marker, exhibits a robust
expression in the lateral extension of stalk-eyed eye-antennal imaginal disc. This data
suggests that stalk-eyed fly eye antennal disc has a distinct PD, which is absent in
Drosophila and other Dipterans.

Development of stalk-eyed phenotype from eye-antennal imaginal disc

We studied retinal fate using an antibody against Elav protein (Robinow and White, 1991).
ELAV, a proneural marker, allows us to determine how the eye (based on retinal neuron
population) undergoes metamorphosis from a larval eye imaginal disc to an adult eye in the
stalk-eyed fly (Figure 5). Here, the rationale was to gather the bright field image of each
developmental stage from the third instar larval eye-antennal disc attached to the optic lobe
and compare it with the expression of proneural marker Elav during those stages. The larval
eye-antennal imaginal disc of stalk-eyed fly resembles that of any other insect eye-antennal
imaginal disc except for the presence of an intermediate stalk, which connects the eye field
with the antennal field (Figure 5A, B). The larval eye imaginal disc is connected to an optic
lobe through the axonal tract (Figure 2C, 5L). During pre-pupal development in stalk-eyed
fly, the developing eye field, marked by proneural marker Elav, begins to envelope the optic
lobe (Fig. 5C, D, L). At this stage, the antennal field along with the lateral extension begins
to fold back. By 48 hours of pupal development, the optic lobe is encapsulated/covered by
the developing eye field marked by Elav (Figure 5F). At this stage, the antennal field is not
visible as it is behind the eye field due to folding back of eye-antennal disc (Figure 5E, F, L).
At the 72 hour stage, Elav marks both the retinal neurons as well as the neurons in the optic
lobe (Figure 5H), while antenna is present behind the optic lobe and eye field (Figure 5G, H,
L). The antennal field is difficult to see in the same plane since it is covered by the optic lobe
and eye field and the lateral extension or stalk has folded back with the antennal field along
with it (Figure 5L). At 96 hour of pupal development, the optic lobe is covered by the retina
and the antenna is now folded back along with the lateral stalk, which connects the larval
eye field and the antennal field (Figure 5 1, J, L). The adult stalk-eyed fly emerges from the
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pupa after pupal metamorphosis, and exhibits that characteristic stalk-eyed morphology with
hypercephaly phenotype (Figure 5K, L).

Discussion

Use of comparative developmental biology approaches have facilitated evolutionary studies
on patterning and form (Carroll, 2005). Insect vision provides an opportunity to study the
evolution of animal form and function. In majority of insects, the compound eye is the most
prominent visual organ and presents an evolutionary conservation paradigm due to high level
of similarity in its design. The basic Bauplan of the dipteran visual system evolved at least
200 million years ago, prior to the radiation of the cyclorrhapan Diptera (Hennig, 1973).
Despite the unusual placement of the eyes on the stalk, the members of Diopsidae have a
visual system that is anatomically similar to other flies. One of the dramatic deviation is the
presence of hypercephalization or placement of adult eye on a stalk, which is extending
laterally from the adult head. In the basal Sphyracephela group, stalk-eyes are sexually
monomorphic. The length of these lateral extensions is pronounced in males, which suggests
a functional role in sexual selection. However, the stalk-eyed trait is present both in males
and females. Thus, it can be better explained as a functional adaptation, which allows these
flies to have increased field of view. Here we suggest that this morphology is accompanied
with emergence of a new proximo-distal (PD) axis, which is absent in other fly eyes.

During development, the generation of a lineage restriction boundary results in two
differently determined cell populations called compartments (Garcia-Bellido et al., 1973;
Singh et al., 2005b; Singh et al., 2012). All adult appendages like wing, leg, eye, head and
antenna develops from their larval imaginal discs. Interestingly, early organ or appendage
primordia are monolayer epithelium where delineation of antero-posterior (AP), Dorso-
ventral (DV) and proximo-distal (PD) lineage restriction is crucial for its transition into a
three-dimensional organ (Blair, 2001; Cavodeassi et al., 1999; Garcia-Bellido and Merriam,
1969; Garcia-Bellido et al., 1973; Morata and Lawrence, 1975). This process is highly
conserved across the multicellular organisms. In Drosophila antenna, wing and leg imaginal
disc, the AP boundary is the first lineage restriction. This is followed by the generation of
DV boundary, which results in the formation of the dorsal and ventral compartment midway
through the growth phase of the disc (Blair, 2001; Milan and Cohen, 2003; Morata and
Lawrence, 1975; Singh and Choi, 2003; Tare et al., 2013a). These appendages also develop a
distinct PD domain. Therefore, antenna, wing, and leg have distinct AP, DV and PD axes.
However, the Drosophila eye disc does not follow this sequence of events. In the developing
Drosophila eye, the DV axis is the first lineage restriction event. The formation of antero-
posterior (AP) compartments occurs later in late second or early third instar of larval eye
development when morphogenetic furrow (MF) is formed at the posterior margin of the
larval eye imaginal disc. MF progresses anteriorly as a synchronous wave of differentiation
resulting in formation of the anterior and posterior domains (Kumar, 2013; Ready et al.,
1976; Wolff and Ready, 1993). Interestingly, there is no distinct PD lineage in the
Drosophila eye where the adult eye is present in a socket on the head (Singh and Choi, 2003;
Singh et al., 2004; Singh et al., 2012). This suggests that axial patterning in Drosgphila and
other insect eyes that do not have any lateral extension have lost one of the co-ordinate viz.,
PD axis formation during development. The presence of a lateral extension in stalk-eyed fly
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provides raises an interesting possibility that this third PD axis is restored in developmental
programming of axial patterning of these flies eye-antennal disc patterning. Alternatively, it
could be a newly developed trait in these flies.

Earlier fate map studies on various species of stalk-eyed flies have revealed that expression
of four key regulator genes -defective proventriculus (ave), dll , engrailed (en)and wingless
(wyg) in the eye imaginal disc give rise to the head which is remarkably similar to Drosophila
and other Diopsids during larval development (Hurley et al., 2001). Comparison of antenna
specific gene DII, medial cuticle specific gene enand wg expression in Drosophila and stalk-
eyed fly species exhibited several similarities. Interestingly, DIl marks the distal fate of the
stalk-eyed fly antenna, however, the fate of the intervening region that connects the eye and
the antennal region in the eye-antennal imaginal disc of the stalk-eyed fly was not known
(Hurley et al., 2001; Hurley et al., 2002).

It was not clear whether this lateral extension adds a PD axis on an otherwise eye
primordium, which has distinct DV and AP axis. Since Drosophila and other insects that do
not have lateral extensions from the head, the only structure missing in their eye-antennal
disc is the intervening region. Earlier studies have shown that the entire eye and dorsal head
capsule is derived from the posterior portion of the disc, and that the antenna and palpus are
derived from the anterior portion of stalk-eyed eye-antennal imaginal disc. Moreover, it has
been shown that the medial and lateral fate markers of the head capsule are expressed in the
posterior region (Hurley et al., 2001). However, until recently there was no marker identified
that marks the intervening region of the stalk-eyed fly eye-antennal imaginal disc. Our
studies demonstrated that Hth, a proximal fate marker is expressed robustly in the
intervening stalk region of the stalk-eyed fly.

Previously, it has been shown that nervous system of the stalk-eyed fly is modified where a
relatively long optic nerve is formed. The functional adaptation of placement of the adult eye
on the lateral extension is due to the enlargement of the optic tract, which connects the
retinal neurons to the brain, and the lateral extension of proximal fate, as evident from robust
Hth expression, encapsulating this structure. This intervening region, positively marked by
Hth, then folds back on the eye, which then encapsulates the optic lobe (Figure 5).

In summary, this study shows that stalk-eyed fly have a distinct proximo-distal axis in the
developing eye, which is a dramatic deviation from other dipteran insects. Furthermore,
presence of an intervening region of proximal fate in larval eye-antennal imaginal disc
provides a basis for this distinct hypercephalic phenotype observed in the adult fly.
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Figure 1. (A) Eye development in stalk-eyed fly and Drosophila.
(A-D) The Drosophila melanogaster, a holometabolous insect, (A) adult. The adult eye

compound eye of Drosophila develops from (B) larval eye imaginal disc. (C, D) The SEM
images of the Drosophila adult compound eye comprising of 600-800 unit eyes. The inter-
ommatidial bristles are present in the Drosophila eye. In Drosophila adult fly, eye is present
in a socket on the head where eye is posterior and antenna is positioned anteriorly. There is
no distinct proximo-distal (PD) axis. (E) Stalk-eyed fly, C. whitei (F) larval eye-antennal
imaginal disc, which metamorphose into (G) the adult compound eye. (F) The eye-antennal
imaginal disc of stalk-eyed fly has a distinct lateral extension, which connects the eye with
the antennal field (arrowhead). The compound eye of stalk-eyed fly is present on a lateral
extension from the adult head, which exhibits a prominent proximo-distal (PD) axis.
Antenna is located posterior to the eye on the inner side of the stalk. (H) The compound eye
comprises of many unit eyes, which lack the inter-ommatidial bristles. (The orientation of all
imaginal discs in the figure is posterior to left and dorsal up. [AN: antenna].
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Drosophila

Figure 2. Retinal axon targeting in Stalk-eyed flies and Drosophila.
Monoclonal antibody 22C10 marks all axonal sheath of the photoreceptors in the developing

eye. Expression of 22C10 antibody in larval eye antennal imaginal disc of (A, B) Drosophila
melanogaster, and (C, D) Stalk-eyed fly. (B) and (D) are magnified images (40%) of A and
C. The 22C10 staining marks the axons, axonal targets and its innervation in the brain both
in the stalk-eyed fly and Drosophila. Note that all the retinal neurons axons fasciculate into
an axonal tract, which innervate the brain of stalk-eyed fly and Drosophila. The orientation
of all imaginal discs in the figure is posterior to left and dorsal up.
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Drosophila
SN

Figure 3. Retinal determination gene dacshund marksthe zone anterior to theeyefield in stalk-
eyed fly.
(A, A’) Dac expression in Drosophilathird instar larval eye-antennal imaginal disc. (A”)

Split channel showing Dac expression alone in the eye imaginal disc. Note that arrow marks
the MF in the eye imaginal disc. (B-E) In stalk-eyed fly, Dac expression in (B-D) eye-
antennal imaginal disc, (E) pupal retina. (C, D) Magnified view of (C) eye and (D) antennal
region. The stalk of the stalk-eyed fly eye imaginal disc is not visible due to folding. (E) In
stalk-eyed fly, Dac is not expressed in the pupal retina, its expression is restricted to a band
of cells in the optic lobe. Note that eye discs are stained for Dac (Green) and proneural
marker Elav (Red). [AN: antenna, OL: optic lobe].
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Figure 4. Homothorax (Hth) expression marksthe elongated extension between the antenna and
eyeimaginal discin stalk-eyed fly.

(A. A’) In Drosophila eye-antennal imaginal disc, Hth (Red) and proneural fate marker, Elav
(Blue), expression. (A’) Split channel showing Hth expression. Note that Hth expression is
restricted to the proximal ring in the antenna and in region anterior to the morphogenetic
furrow (MF) in the eye disc. (B) Stalk-eyed fly eye-antennal imaginal disc bright field image
showing a lateral extension (marked by black arrow) between the eye and the antennal field.
(C) Stalk-eyed fly eye antennal disc with characteristic morphology of intervening stalk
region separating the eye and antennal region (marked by white arrow) showing proximal
fate marker Hth (Red), distal fate marker Distalless (DII, Green) and ELAV (Blue)
expression. (D) Note that Hth exhibits nuclear localization and marks the extension (marked
by white arrow) between the eye and antennal field, whereas (E) DIl marks the distal tip of
the antenna in the larval eye-antennal imaginal disc. (F, G) Hth staining in the early pupa
and late pupa. [AN: antenna, OL: optic lobe].
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Figure 5. Position of adult eye and antenna on stalk-eyed fly head isdueto inversion or folding of
eye-antennal imaginal disc during development.

Eye development in stalk-eyed fly during various stages (A, B) Larval eye-antennal imaginal
disc (C, D) pupal eye at 24hr, (E, F) pupa eye at 48hr, (G, H) pupal eye at 72 hr, (I, J) pupal
eye at 96 hr, and (K) the adult eye. Note that (A, C, E, G, 1) are bright field images of the
developing eye and (B, D, F, H, J) are same developmental; stages stained with proneural
marker ELAV (red). L. Cartoon showing transition of larval eye-antennal imaginal disc to an
adult eye. The hypercephalic phenotype of placement of eye on a lateral extension is
generated by folding of the eye-antennal imaginal disc, which initiates during transition of
larval eye disc to 24 hr of pupal development.
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