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The compound eye of Drosophila melanogaster consists of individual subunits (‘‘ommatidia’’), each con-
taining photoreceptors and support cells. These cells derive from an undifferentiated epithelium in the
eye imaginal disc and their differentiation follows a highly stereotypic pattern. Sequential commitment
of pluripotent cells to become specialized cells of the visual system serves as a unique model system to
study basic mechanisms of tissue development. In the past years, many regulatory genes that govern the
development of the compound eye have been identified and their mode of action genetically dissected.
Transcription factor networks in combination with cell–cell signalling pathways regulate the develop-
ment of the eye tissue in a precise temporal and spatial manner. Here, we review the recent advances on
how a single-cell-layered epithelium is patterned to give rise to the compound eye. We discuss the molecu-
lar pathways controlling differentiation of individual photoreceptors, through which they acquire their
functional specificity.
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INTRODUCTION

The eye of Drosophila melanogaster is
widely used to study mechanisms of
tissue specification and cell fate deter-
mination (Sprecher and Desplan,
2009a). The adult compound eye con-
sists of 750–800 independent subu-
nits, termed ‘‘ommatidia,’’ which form
a characteristic neurocrystalline lat-
tice (Fig. 1A) (Ready et al., 1976).
Each ommatidium consists of a ster-
eotypic array of photoreceptor neu-
rons (PRs), lens-secreting cone cells,
and pigment cells (Charlton-Perkins
and Cook, 2010). Cells building
ommatidia develop from an epithelial

sac of the larva, the eye-antennal
imaginal disc (Fig.1B). In this disc,
epithelial cells are sequentially com-
mitted to become PRs or support cells.
Differentiation starts posterior and
terminates anterior of the eye part of
the disc. The morphogenetic furrow
(MF) crosses the eye disc, patterning
proliferating and undifferentiated
precursor cells into highly organized
developing and differentiating eye
tissue (Wolff and Ready, 1991). A
number of signalling pathways and
downstream genes ensure that cell
specification within the MF will occur
in a precise spatial and temporal
manner.

Each ommatidium is composed of
eight PRs, which are further divided
into six outer (R1–R6) and two inner
PRs (R7 and R8). Spectral sensitivity
of the different PR subtypes is defined
by the expression of the rhodopsin
(rh) genes, which encode photosensi-
tive G protein–coupled receptors
(GPCRs) (Terakita, 2005). Rhodopsins
occupy specialized apical membranes,
called rhabdomeres, and they form a
complex with the chromophore 11-cis
retinal. Upon light stimulation, 11-cis
retinal is isomerized to the all-trans
form, which causes conformational
changes in the receptors, activating
the coupled G protein. This triggers
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an intracellular cascade that results
in the opening of receptor channels
and the depolarization of the cell (Yau
and Hardie, 2009). Therefore, Rho-
dopsins are responsible for converting
light signals into electrical stimuli.

PRs are sensitive to a certain
spectrum of light wavelengths,
depending on which rhodopsin gene
they express. The Drosophila genome
contains seven rhodopsin genes, six of
which (Rh1–Rh6) are well described.
The seventh rhodopsin gene has not
been characterized so far (Adams
et al., 2000), but its existence has
been revealed by the Drosophila
genome-sequencing project (Brody
and Cravchik, 2000; Broeck, 2001).
The pattern of expression of this rho-
dopsin gene remains unknown. Outer
PRs in the retina express the broad-
spectrum Rhodopsin 1 (Rh1) and
function in the photoperception under
dim light conditions, as well as in the
detection of motion. They are often
regarded as the equivalent to the ver-
tebrate rods, the PRs responsible for
scotopic (‘‘night’’) vision. The two
inner PRs mediate colour discrimina-
tion, functionally resembling the ver-
tebrate cones. Thus, outer and inner
PRs fulfil distinct functions. These
two types of PRs also project their
axons to different optic ganglia: outer
PRs terminate in the lamina and
inner PRs in the medulla (Clandinin
and Zipursky, 2002). R7 PRs express
UV-sensitive Rhodopsins, either Rh3
or Rh4. R8 PRs lie underneath the R7
and express either the blue-sensitive
Rh5 or the green-sensitive Rh6. The
eye is a mosaic of two major types of
ommatidia, which differ in the expres-
sion of inner PR rhodopsins: the
‘‘pale’’ and the ‘‘yellow’’ ommatidia. In
pale ommatidia, R7 express Rh3 and
R8 express Rh5, while in yellow
ommatidia, Rh4 is expressed in R7
and Rh6 in R8. About 70% of the com-
pound eye consists of yellow and 30%
of pale ommatidia.

The architecture of the compound
eye and precise positioning of cells
within the eye is the result of highly
orchestrated developmental proc-
esses. Seemingly unpatterned pluri-
potent precursor cells residing in the
eye imaginal disc are transformed
into highly specialized cells within
the MF, in a precise and highly stereo-
typic manner. First investigations on

the patterning mechanisms of the fly
retina started over 30 years ago with
the landmark study by Don Ready in
the Benzer lab (Ready et al., 1976).
Since then, a wealth of studies on the
processes acting in forming the com-
pound eye has uncovered many im-
portant developmental and genetic
mechanisms, signalling pathways,
and general concepts in developmen-
tal and cell biology (Cagan, 2009).

Here, we provide an overview of the
developmental mechanisms govern-
ing eye formation, from an unpat-
terned epithelium to the final step of
terminal differentiation and choice of
rhodopsin expression. We specifically
focus on the following aspects of eye
development. First, we describe the
genes and signalling pathways that
regulate early steps controlling reti-
nal determination. Next, we depict
the steps defining how the MF pat-
terns the eye disc, which leads to the
recruitment and differentiation of the
specific PR subtypes. Finally, we
describe the developmental program
acting in defining rhodopsin expres-
sion and spectral sensitivity during
terminal differentiation of PRs. We
discuss recent findings in view of the
profound knowledge that has emerged
from research during the last decades.
At the same time, we integrate past
findings with the most important
recent advances ion the field.

‘‘SELECTOR’’ GENES IN EYE

DEVELOPMENT

Development of the adult eye begins
with a cluster of cells at the anterior-
dorsal part of the embryo, which upon
continuous proliferation give rise dur-
ing larval stages to an epithelial sac,
the eye-antennal imaginal disc (Fig.
1B). This disc consists of an anterior
part that will generate the antenna,
and a posterior part that will gener-
ate the retina, the vertex, and the
ocelli. The subdivision of the anten-
nal-eye field is the result of interac-
tion between signalling pathways and
selector genes. During embryogene-
sis, all cells that will give rise to the
eye-antennal disc are marked by the
expression of the transcription factors
Eyeless (Ey) and Twin of eyeless
(Toy). During the early second instar
larval stage, the two parts of the disc
begin to be separated: Ey expression

retracts to the posterior part that will
give rise to the eye, whereas the
homeodomain transcription factor Cut
starts to be expressed exclusively in
the antennal region (Kenyon et al.,
2003). Two major signalling pathways,
the Epidermal Growth Factor Receptor
(EGFR) and the Notch (N) pathways,
playing diverse roles throughout eye
development, are involved in subdivid-
ing the eye-antennal disc. The EGFR
pathway has been shown to specify an
antennal fate by repressing Ey expres-
sion at the anterior domain (Kumar
and Moses 2001a). Conversely, N sig-
nalling promotes eye formation. It has
been suggested that N contributes to
the establishment of the eye field by
promoting the proliferation of retinal
precursors and not by directly regu-
lating the expression of selector genes
(Dominguez et al., 2004; Kenyon
et al., 2003).
Once the region of the eye-antennal

disc that will give rise to the eye field
has been determined, refined regula-
tory mechanisms trigger formation of
the eye tissue. During this time,
undifferentiated cells are sequentially
committed to adopt a retinal fate,
starting at the posterior edge and
ending at the anterior part of the disc.
The genes that mediate retinal devel-
opment form a regulatory network,
the Retinal Determination Network
(RDN), rather than a single signalling
cascade (Fig. 2A). This network is
characterized by complex interactions
among its members, autoregulatory
and feedback loops. Another charac-
teristic of the RDN is that a single
gene can participate in several steps
and control the expression of more
than one gene within the network.
This depends on the complexes the
gene products form with other RD pro-
teins or co-activators/co-repressors.
The RDN genes are expressed in dif-
ferent phases during the patterning of
the retina and each of them exhibits a
distinct spatial expression pattern
(Kumar, 2010).
Members of the RDN are often

termed ‘‘selector’’ genes, which means
that upon ectopic expression they
have the ability of converting the fate
of one tissue to that of an eye tissue
(Fig. 2C). Depending on the Gal4
driver lines used, it is possible to trig-
ger retinal development in tissues
such as the wing, legs, and antennae.
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RDN genes have a different potency
in converting tissues into eyes. The
location and also the frequency of
ectopic eye formation can vary. The
tissue specificity was recently geneti-
cally dissected for Ey and Toy and
was attributed to distinct domains of
the proteins (Weasner et al., 2009).
Mutant strains for the RDN genes
exhibit severe phenotypes in eye for-
mation. These phenotypes range from
malformed, rough eyes to the com-
plete loss of eyes (Fig. 2B). The spe-
cific mutant phenotype of an RDN
gene depends on their function, their
position in the regulatory network,
and the timing of expression. Homo-
logues of most RDN genes also exist
in mammals (including human) and
some of them have been implicated in
diseases of the visual system or in the
patterning of eye tissue (Silver and
Rebay, 2005). This suggests that
although the eyes of vertebrates and
invertebrates have a different struc-
tural organization and developmental
origin, many of the genes that specify
the eye tissue have been evolutionar-
ily conserved.
In 1995, Halder and colleagues first

reported the role of the eye-selector
gene eyeless (ey), capable of transform-
ing non-retinal tissues (wings, legs,
antennae) into eyes when expressed
ectopically during the development of

Fig. 1. A: Picture of the compound eye of Drosophila. The compound eye consists of 750–800 individual subunits, the ‘‘ommatidia.’’ B: Confocal
image of a larval eye-antennal imaginal disc. The disc is subdivided into the ‘‘antennal part’’ (anterior, to the left of the image) and the ‘‘eye’’ part
(posterior, to the right of the image). The cells already determined as neurons express the neuronal marker Elav (red). The cells that are specified
as photoreceptors express the photoreceptor-specific marker Chaoptin (Chp, green). All the cell nuclei are stained with DAPI (blue). MF, Morpho-
genetic furrow.

Fig. 2. A: The genes comprising the Retinal Determination Network (RDN). The dotted lines
represent physical interactions that have not been confirmed in vivo. The genes that control cell
proliferation are shown in green and those that control retinal formation in blue. The genes for
which the relation with the other members has not been determined by genetic interactions are
shown in orange (for details see the text). B: Adult fly head exhibiting complete absence of
eyes, caused by mutation in the RDN gene eyes absent (eya). C: Pupa showing ectopic eye for-
mation after misexpression of eyeless (ey) using the dpp-Gal4 driver line. The arrowheads point
towards ectopic eyes and the arrows towards the compound eyes.
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these structures (Halder et al., 1995).
The ey gene was previously character-
ized and found to belong to the Pax6
family (Quiring et al., 1994). It encodes
for a homeodomain transcription fac-
tor of the Paired class, named after
the segmentation gene paired (Fri-
gerio et al., 1986). Members of this
class of transcription factors contain
the PAIRED domain critical for DNA
binding, subdivided into two distinct
domains, the PAI and RED domain
(Czerny et al., 1993; Treisman et al.,
1991). Loss of the human Pax6 homo-
logue of ey is linked to the genetic eye
disorder aniridia, and of the murine
homologue to a small eye phenotype
(Glaser et al., 1992; Jordan et al.,
1992; Quiring et al., 1994). Ey is func-
tionally equivalent among many inver-
tebrate species (Lynch and Wagner
2011). However, in species belonging
to the stem-lineage of Drosophila (for
instance, Drosophila virilis and Dro-
sophila willistoni), Ey developed novel
functions in response to the new devel-
opmental mechanisms controlling eye
development and formation. Although
in humans there is only one Pax6
gene, a second member of the family
was identified in Drosophila, twin of
eyeless (toy). At the same time, with its
identification and characterization, toy
was demonstrated to also have the
ability to generate eyes upon ectopic
expression, revealing that ey is not
the only ‘‘master regulatory gene’’ in
eye development. Moreover, toy acts
upstream of ey and activates its expres-
sion (Czerny et al., 1999).

One of the targets of ey is sine ocu-
lis (so) (Niimi et al., 1999). So belongs
to the Sine oculis homeobox (SIX)
transcription factors (Kumar, 2009),
which contain a homeobox for DNA
binding and the SIX domain for pro-
tein–protein interactions. Loss-of-
function so mutants exhibit severe
retinal defects (Cheyette et al., 1994;
Serikaku and O’Tousa, 1994). How-
ever, initial attempts to recover eyes
upon so ectopic expression failed
(Pignoni et al., 1997). The possible
reason behind that was attributed to
the fact that So requires the presence
of the transcriptional co-activator
Eyes absent (Eya) for strong binding
to the DNA. When so and eya are co-
expressed, they can induce ectopic
eyes, although eya is also able to
induce eye formation on its own in

certain tissues (Bonini et al., 1997).
Nevertheless, in an extensive screen
for the ability of 219 Gal-4 lines to
induce ectopic eyes upon solely so
overexpression, ectopic eye formation
was observed in the adult antenna
and the ventral portion of the head
(Weasner et al., 2007).

Eya is the founding member of a
family of transcriptional co-activators
and is unable to bind DNA on its own.
Eya is a particularly interesting mem-
ber of the RDN, not only because it is
one of the few members that are not
transcription factors, but also because
it possesses an intrinsic tyrosine
phosphatase activity. The precise
function of this phosphatase activity
of Eya in retinal development is not
completely clear. However, mutations
affecting Eya phosphatase activity
reduce the DNA-binding ability of the
Eya-So complex (Jemc and Rebay
2007a; Li et al., 2003; Mutsuddi et al.,
2005; Rayapureddi et al., 2003; Tootle
et al., 2003). Eya is expressed both
in the cytoplasm and in the nucleus
and its expression is regulated in many
levels. The EGFR pathway down-
stream components Yan/anterior open
(Yan) and Pointed (Pnt) are regulators
of Eya phosphorylation (Hsiao et al.,
2001). In addition, in a screen for
mutants affecting Eya expression, Yan
and Pnt were identified as regulators of
eya transcription. Therefore, the EGFR
pathway plays a central role in the reg-
ulation of both Eya expression and
function (Salzer et al., 2010).

So binding sites have been identi-
fied in the so enhancer itself as well
as in the ey enhancer, implicating so
in an autoregulatory loop and in a
positive feedback loop (Pauli et al.,
2005). So and Eya trigger the expres-
sion of Dachshund (Dac), a transcrip-
tion factor containing a winged helix
domain that contacts the DNA (Kim
et al., 2002; Mardon et al., 1994;
Pappu et al., 2005). No downstream
target of Dac has been identified so
far. Importantly, Dac and its human
homologue Dach are closely related to
the Ski/Sno family of co-repressors,
suggesting that Dac could act as a
transcriptional repressor (Hammond
et al., 1998). Loss of dac in turn
results in a loss of so and eya expres-
sion at the posterior–lateral margin of
the retinal field, which shows that a
feedback loop exists between Dac and

So-Eya (Salzer and Kumar, 2009).
The So-Eya complex not only affects
retinal determination, but also cell
proliferation. This is achieved by the
activation of the cell cycle gene string
(stg), encoding for a phosphatase that
regulates the G2/M phase transition
of the cell cycle (Jemc and Rebay,
2007b). The vertebrate homologues of
So and Dac have a similar role in the
expansion of precursor cells during
tissue formation (Li et al., 2002).
In a genome-wide bioinformatic

approach, another member of the SIX
family, optix, was identified as a
potential downstream target of Ey
(Ostrin et al., 2006). Although loss-of-
function mutants are not available,
optix is expressed in the developing
eye disc and is able to induce ectopic
eye formation (Seimiya and Gehring,
2000). The target genes of Optix
remain unknown. It is regarded to act
as a repressor of transcription, since
it shows strong binding affinity with
the co-repressor Groucho (Gro), (Ken-
yon et al., 2005a,b).
Although most of the RDN genes

act as either activators or suppressors
of retinal determination, exceptions
exist, as is the case for the zinc-finger
protein Teashirt (Tsh). Ectopic expres-
sion of tsh leads to the formation of
eyes at the base of the antenna and is
able to induce an eye-precursor fate
in non-retinal precursors, suggesting
that Tsh acts as a promoter of eye de-
velopment (Bessa and Casares, 2005;
Datta et al., 2009; Pan and Rubin,
1998). However, in a more recent study,
an additional suppressive role of Tsh in
retinal determination was demon-
strated upon over-expression (Singh
et al., 2002). Surprisingly, even though
Tsh is expressed uniformly in the eye
disc, the suppressive phenotype is
observed exclusively in the ventral but
not in the dorsal margin of the eye disc,
where it promotes eye development.
The suppression of retinal development
in the ventral part of the eye is medi-
ated through induction of hth, a known
suppressor of eye development and
requires Wingless (Wg) signalling (Pai
et al., 1998; Pichaud and Casares,
2000). On the other hand, tsh promotes
eye growth at the dorsal parts of the
eye disc. This function requires genes
of the Iroquois (IroC) complex as well
as Delta (Dl), (Singh et al., 2004).
Therefore, Tsh has a dual role in
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suppression and promotion of eye de-
velopment, depending on its various
interactors in the different fields of the
eye disc.

Two genes recently introduced in
the RDN are distal antenna (dan) and
distal antenna-related (danr). These
genes were initially identified as reg-
ulators of the antennal specification,
since loss-of-function mutants led to
the transformation of antennae into
legs (Emerald et al., 2003). However,
they are also capable of coaxing the
antennal tissue into an eye fate, trig-
gering at the same time the expres-
sion of ey (Curtiss et al., 2007). An
open question is how Dan and Danr
specify both antennal and eye devel-
opment. It could be assumed that
they do so by interacting with differ-
ent fate determination factors in the
two tissues. Dan and Danr are chro-
matin modifiers and they contain a
helix-turn-helix structure, named the
pipsqueack (psq) motif (Siegmund and
Lehmann, 2002). Therefore, their role
could be the maintenance of open
chromatin states, after initial specifi-
cation genes have committed the tis-
sue into a certain fate. More studies
are needed to explore these possibil-
ities and uncover the mechanism
through which these two genes are
involved in the development of two
different and adjacent imaginal discs.
danr and dan/danr double

mutants show severe malformations,
including small rough eyes and
defects in the spacing of ommatidia
and PR recruitment, further support-
ing their role in retinal determina-
tion. In addition, Dan and Danr regu-
late each other’s expression and they
both physically interact with Ey and
Dac (Curtiss et al., 2007). The tran-
scriptional co-regulator C-terminal
Binding Protein (CtBP) interacts
physically and genetically with Dan
and Danr. This interaction could be
important for the recruitment of the
PRs from the pool of undifferentiated
cells. In support of this, CtBP/dan/
danr triple mutants develop signifi-
cantly fewer ommatidia than the
dan/danr double and CtBP single
mutants. Intriguingly, CtBP also
forms complexes with Ey. In CtBP
mutant clones, there is enhanced cell
proliferation anterior to the MF
(Hoang et al., 2010). These results
raise the possibility that CtBP could

function in conjunction with Ey to
promote proliferation of eye precursor
cells.

The RDN does not only contain nu-
clear proteins and transcription fac-
tors. Nemo (Nmo), a serine-threonine
kinase plays key roles in eye develop-
ment, equally important to those of
nuclear factors that directly affect
gene expression. The role of Nmo in
eye development was first proposed
by the finding that nmo mutants ex-
hibit long and narrow eyes with a
non-canonical packing of ommatidial
clusters (Choi and Benzer, 1994).
Nmo is co-expressed with other RDN
genes during eye development, such
as eya, and it is able by itself to spec-
ify presumptive head cells to a retinal
fate. In addition, it potentiates the
ectopic eye formation upon misexpres-
sion of ey and eya, with which it
genetically interacts. Since Nmo is
expressed in very early developmen-
tal stages, it could have additional,
unidentified functions in the subdivi-
sion of the eye-antennal imaginal disc
(Braid and Verheyen, 2008).

For the development of eye, tissue-
controlled cell proliferation has to
take place during initial developmen-
tal stages in order to increase the pool
of cells that will follow a retinal fate.
In the early eye primordium, N sig-
nalling has a leading role in control-
ling cell proliferation and tissue
growth, mainly at the equator that
divides the ventral from the dorsal
part of the eye (Dominguez and de
Celis, 1998). The effect of N in cell
proliferation involves the control of
the Pax gene eye gone (eyg). Mutants
of this gene display a complete lack of
eyes and its forced expression induces
ectopic eye formation in the ventral
head region (Jang et al., 2003). Eyg
was shown to be a negative regulator
of head cuticle development and its
expression has to be actively sup-
pressed in certain regions of the head
vertex promordium (Wang et al.,
2010). The role of Eyg extends further
than that of a cell proliferation regu-
lator. It is also implicated in the ini-
tiation of the MF by inhibiting Wg
(see below). Although eyg belongs to
the Pax gene family, it has many
structural differences with the Pax-6
gene ey. Eyg almost completely lacks
the PAI subdomain of the PAIRED do-
main, present in the Pax proteins,

suggesting that different mechanisms
of binding exist between these two
transcription factors.
RDN genes can act differently in

the different parts of the eye disc and
the interactions among them occur in
a precise temporal manner. An exam-
ple is given by the So-Eya and Dac
regulation (Salzer and Kumar, 2009).
In the region of the eye disc where
MF initiation takes place, So and Eya
trigger the expression of Dac. In turn,
Dac feeds back to maintain So-Eya
expression. However, as the MF pro-
gresses in the parts of the disc where
cells are already differentiated, the
So-Eya complex no longer activates
dac. Instead, So forms a complex with
a co-repressor (potentially Gro) to
inhibit dac expression. Given the
complexity of the interactions present
in the RDN, the simple discovery of a
gene being a part of this network does
not always reveal its interrelation
with the other RDN genes. Further
studies may identify the precise role
or the multiple roles of each gene in
retinal determination (Baker and
Firth, 2011).

INITIATION AND

PROGRESSION OF THE

MORPHOGENETIC FURROW

The initial pool of cells in the eye disc
is increased through proliferative rep-
lication, which is critical for the sub-
sequent specification process (Amore
and Casares, 2010). The proliferation
is mediated through N signalling,
which in turn activates the Janus ty-
rosine kinase/signal transducer and
activator of transcription (JAK/STAT)
pathway (Chao et al., 2004; Ekas
et al., 2006; Reynolds-Kenneally and
Mlodzik, 2005; Tsai and Sun, 2004).
The ligand of the JAK/STAT pathway
acting during eye development is the
cytokine-like molecule Unpaired
(Upd), (Harrison et al., 1998). Upd
bind to the transmembrane receptor
Domeless (Dome) (Brown et al., 2001)
and triggers the activation/phoso-
phorylation of the associate JAK Hop-
scotch (Hop), (Perrimon and Maho-
wald, 1987). Upon activation, JAKs
phosphorylate tyrosine residues at
the receptor, which constitute docking
sites for the STAT transcription factor
Stat92E (Hou et al., 1996; Yan et al.,
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1996). Subsequently, Stat92E dimer-
izes and translocates to the nucleus,
where it triggers the expression of
target genes. Ectopic expression of
upd causes eye overgrowth and Eye
Transformer (ET) mediates this phe-
notype. ET regulates Stat92E phos-
phorylation and it is a negative regu-
lator of the JAK/STAT pathway
(Kallio et al., 2010). The downstream
components of the JAK/STAT path-
way regulating cell proliferation in
the eye disc are elusive. Nevertheless,
a potential downstream effector of
Stat92E was found to be Chronologi-
cally inappropriate morphogenesis
(Chinmo). The loss-of-function pheno-
types of chinmo include reduction of
the eye field and expansion of the
head cuticle, similar to Stat92E phe-
notypes (Flaherty et al., 2010). A
novel complementation group, the
gang of four (gfr), was recently identi-
fied. Mutations in this group cause
increase in eye size (Beam and
Moberg, 2010). The mutant pheno-
type of the gfr alleles suggests that
the factor encoded by this chromo-
somal region could affect cell prolifer-
ation of eye precursors by interacting
with the N pathway.

The proliferation of retinal precur-
sors is maintained by Hth, which is
essential to regulate the balance
between cell proliferation and cell-
cycle arrest. Hth acts in conjunction
with Ey and Tsh in order to inhibit
stg (Bessa et al., 2002; Lopes and
Casares, 2010). Since Stg controls the
G2/M transition, a peak of Stg expres-
sion is apparent right before the cells
undergo some last mitotic cycles
(termed the first mitotic wave, FMW).
After that phase, the cells arrest at
the G1 phase of the cell cycle, which
marks the onset of differentiation.
This stage coincides with a reduction
in Hth expression, mediated by two
signalling molecules, Decapentaplegic
(Dpp) and Hedgehog (Hh) (Escudero
and Freeman, 2007; Firth and Baker,
2005; Lopes and Casares, 2010; Vrai-
las and Moses, 2006). Dpp is a morph-
ogen, exhibiting graded expression
within the eye disc. G1 arrest occurs
only at a specific threshold of Dpp lev-
els (Firth et al., 2010). A negative reg-
ulator of cell-cycle arrest is roughex
(rux), since in rux mutants all the
cells circumvent G1 and enter the S
phase (Thomas et al., 1994).

The transition from proliferation to
differentiation is clearly visible by the
passage of the MF, which crosses the
eye disc from posterior to anterior. The
MF is a narrow channel apparent in
the eye disc after the early second/late
early larval stage, where differentia-
tion of ommatidia is initiated. The mor-
phological appearance is the result of
the contraction of the epithelial cells in
the apical/basal dimension. An intrigu-
ing feature for developmental studies
is that by the passage of the MF, the
same disc contains distinct develop-
mental stages of ommatidium forma-
tion: cells anterior to the furrow are
undifferentiated, cells within the fur-
row are being patterned, and cells pos-
terior to the furrow are already speci-
fied (Roignant and Treisman, 2009).

The initiation of the MF occurs in
the posterior margin of the eye-disc.
Several signalling cascades partici-
pate in this process, including the N,
EGFR, Wingless (Wg), Hh, and Dpp
signalling pathways (Fig. 3A). The
EGFR and N pathways stand on top
of the regulatory cascade. Although
these pathways act antagonistically
during the segregation of the eye-
antennal field of the eye disk, with
EGFR promoting an antennal fate
and N promoting an eye fate, they act
in concert to actuate the genesis of
the MF (Kumar and Moses, 2001b).
EGFR is a cell surface receptor tyro-
sine kinase (RTK) that is activated
upon ligand binding and sets in
motion the Ras/Raf/MEK/ERK signal-
ling cascade. Of the various ligands
able to activate EGFR, Spitz (Spi) has
been shown to be the one involved in
eye development. Notch is also a cell
surface transmembrane receptor and
acts by binding to its ligands, which
are also transmembrane receptors
expressed in neighbouring cells. Upon
interaction with its ligands, Notch is
cleaved and releases its intracellular
fragment that triggers the expression
of target genes (Artavanis-Tsakonas
et al., 1999). Two Notch ligands have
been identified in Drosophila, Dl and
Serrate (D’Souza et al., 2008). Whether
both or only one of these ligands partic-
ipate in the initiation of the MF has
not been clearly determined.

Surprisingly, a microRNA (miR-7)
has been shown to be involved in the
EGFR and N pathways during eye de-
velopment through interactions with

downstream signalling components.
More specifically, miR-7 was shown to
be activated by Pnt and to halt the
expression of the repressor Yan (Li
et al., 2009). It is not clear, however, if
miR-7 functions in the initiation or in
later steps of MF progression. Addi-
tionally, the miR-7 mutant pheno-
types are solely observed under condi-
tions of environmental fluctuations,
such as temperature variations.
Thus, miR-7 is regarded to act as a
stabilization factor rather than an
essential component of the EGFR and
N pathways.
At the point of furrow initiation

both EGFR and N pathways regulate
Hh signalling (Dominguez and Hafen,
1997). The Hh signalling pathway has
a prominent function in an array of
developmental processes in all meta-
zoans (Wilson and Chuang, 2010). Hh
acts as a morphogen and binds to
receptors at the surface of the target
cells. Although Patched (Ptc) has been
long regarded to be the receptor of Hh,
recent studies implicate two other pro-
teins, Ihog (Interference hedgehog)
and Boi (Brother of Ihog), in Hh bind-
ing at the eye and the wing disc, acting
possibly as co-receptors (Camp et al.,
2010; Zheng et al., 2010). Mutations in
these genes lead to inhibition of Hh
signalling and serious defects in photo-
receptor development. In contrast to
Ihog and Boi, Ptc has not been shown
to be able to bind Hh directly, suggest-
ing that Ihog and Boi might be essen-
tial for Hh binding to Ptc (McLellan
et al., 2006; Yao et al., 2006).
Ectopic expression of Hh anterior to

the MF is able to generate ectopic fur-
rows (Baonza and Freeman, 2002; Ma
et al., 1993). Hh acts by regulating at
least two downstream signals: the Wg
(Baonza and Freeman, 2002) and the
Dpp pathway (Heberlein et al., 1993).
Wg is the founding member of the
Wnt family and it is expressed
throughout the entire disc in second
instar larvae. In the third instar, its
expression is restricted to the ante-
rior-lateral margins of the disc. Its
role is to promote head capsule devel-
opment and to inhibit retinal differen-
tiation (Ma and Moses, 1995; Treis-
man and Rubin, 1995). At the point of
furrow initiation, Dpp is expressed in
a narrow ring right in front of the Hh
expression field and it is inhibited lat-
erally by Wg. Expression of Dpp at the
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posterior margin depends on Hh. Wg
is further repressed by Upd (Ekas
et al., 2006; Tsai et al., 2007).
Although Hh acts upstream to regu-
late Upd (Reifegerste et al., 1997), N
signalling has also been implicated as
a factor that sets out Upd expression
(Chao et al., 2004). Therefore, at the
posterior margin of the eye disc,
EGFR-N signalling pathways trigger
Hh expression, which in turn controls
the expression of Dpp at the adjacent
region. Dpp and Upd act as promoters
of eye differentiation by inhibiting Wg
signalling.

Because of the shape of the eye
disc, the width of the MF increases as
it moves anterior (Fig. 3B). It has
been proposed that along the lateral
margins of the disc, the differentiation
has to be re-initiated, a process termed
‘‘re-incarnation’’ of the furrow (Kumar
and Moses, 2001b). The re-incarnation
requires Dpp. Dpp regulates its own
expression at the lateral margins,
where it restricts Wg expression
(Borod and Heberlein, 1998).

During progression of the MF, Hh
is expressed in already differentiated
cells posterior to the MF and signals
to a stripe of cells anterior to the MF
to express Dpp (Dominguez and Hafen,
1997). Hh utilizes Dpp as a long-range
signal that canalizes undifferentiated
cells into a pre-proneural state, marked
by the expression of the basic helix-
loop-helix (bHLH) transcription factor
Hairy (H) and Extramacrochaetae
(Emc). H and Emc function as

Fig. 4.

Fig. 3.
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repressors of the pre-proneural to the
proneural transition. Release from the
pre-proneural to the proneural state is
believed to take place by a short-range
signal induced by Hh. Although the na-
ture of this signal is unknown, it
involves the activation of the Ras path-
way independently of EGFR (Green-
wood and Struhl, 1999).

SPECIFICATION OF THE R8

PR: THE FIRST STEP IN

OMMATIDIUM FORMATION

The first cell to be specified within the
ommatidium is the R8 founder cell.
During ommatidium development,
the R8 cell serves as the centre
around which all PRs are subse-
quently incorporated into the ommati-
dium. Not only the R8 founder
recruits the cells that will form the
ommatidium in a stereotypical man-
ner, but also its positioning defines
the spacing between the ommatidia,
scaffolding the whole structural orga-
nization of the eye.

Key in the specification of R8 found-
ers is the proneural gene atonal (ato),
a central determinant in peripheral
nervous system development (Jarman
et al., 1993, 1994). Ato is a bHLH
transcription factor and acts in con-
junction with the transcription factor
Daughterless (Da), with which it

forms a dimer. It is first expressed in
a stripe of 12–15 cells anterior to the
MF (stage 1). Later, its expression is
limited in a rosette of 10 cells, called
Intermediate Group (IG; stage 2), con-
sisting of cells that have the compe-
tency of becoming R8 PRs. Ato expres-
sion is subsequently further limited
in a group of 3 cells, the R8 equiva-
lence group (stage 3). Of these 3 cells
only one will retain Ato expression and
will become the R8 founder cell (stage
4) (Fig. 4A). The dynamic pattern of
ato expression is controlled by two dif-
ferent enhancer elements located 30

and 50 to the ato coding sequence (Sun
et al., 1998). The 30 enhancer controls
the expression of ato in a band of cells
anterior to the MF and the 50 element
controls its expression in the IG, the
R8 equivalence group, and the R8 foun-
der. The 50element depends on ato
expression, suggesting that later steps
of specification are at least reinforced
by an ato autoregulatory loop. Hence,
the expression of ato is under differen-
tial control before and after the forma-
tion of the IG.

For the initial expression of ato in a
stripe of cells anterior to the MF, the
Hh signalling pathway plays an induc-
ing role by repressing the expression of
the pre-proneural genes emc and h. Hh
also promotes the N signalling path-
way, which inhibits emc and h (Baonza

and Freeman, 2001). Recently, Ey and
So were shown to be able to bind in
vitro to sites within the 30enhancer of
ato that are crucial for its expression
(Zhang et al., 2006).
Late ato expression is controlled by

lateral inhibition (Fig. 4C). Lateral in-
hibition is a widely used developmen-
tal mechanism mediated by N signal-
ling. It aims at selecting cells that
will acquire a certain fate among a
group of neighbouring cells that have
the same developmental potential. N
and its ligands are initially symmetri-
cally distributed in this equivalence
group. Through a regulatory feedback
loop, cells that receive the highest N
signal down-regulate the ligand Dl.
This in turn reduces N signalling in
neighbouring cells, thereby leading to
asymmetric levels of N signalling
activity within an equivalence group.
N interaction with its ligands leads to
its proteolytic cleavage and the acti-
vation of Enhancer of split -E(spl),
which acts as a suppressor of a cer-
tain fate. Therefore, the cells that
don’t express N are selected to acquire
a specific cell fate.
Even though N initially promotes

ato expression, in the R8 IG it will
finally be expressed at the surface of
cells that will not acquire a neuronal
fate. Its action is potentiated by Scab-
rous (Sca), a secreted fibronogen-like
protein, which interacts with N
(Powell et al., 2001). The N ligand Dl
is expressed in the cells that will main-
tain ato expression and will comprise
the R8 equivalence group. Upon inter-
action with Dl, N is cleaved and trig-
gers the expression of E(spl) at the
cells that will not maintain ato expres-
sion. E(spl) acts as an inhibitor of ato.
Interestingly, the binding partner

of Ato Da has an anti-proneural func-
tion when expressed in high levels.
Neighbouring cells of the Ato-positive
cells express high Da levels, induced
by the N-E(spl) pathway. Da in turn
further triggers the expression of
E(spl) in these cells. In contrast, in
the Ato-positive cells Da is present in
low levels and forms heterodimers
with Ato (Lim et al., 2008). Therefore,
the double nature of Da as a proneu-
ral and an anti-proneural factor is
decisive for the initial patterning of
eye precursors.
Hh at this stage of development

represses ato expression (Dominguez

Fig. 4. A: The different stages of atonal (ato) expression. ato is first expressed in a stripe of
cells anterior to the MF (stage 1). Later, its expression is restricted to a rosette of 10 cells, the
intermediate group (IG) (stage 2), and subsequently to three cells that comprise the R8 equiva-
lence group (stage 3). Finally, ato expression is maintained only in one cell that will give rise to
the R8 founder (stage 4). B: Genetic control of ato expression at stage 1. C: Mechanism of lat-
eral inhibition. Through the action of N signalling, 3 of the cells at the IG will maintain ato
expression. D: Selection of the R8 founder among the three cells of the R8 equivalence group.
This choice depends on a bi-stable negative loop between Senseless (Sens) and Rough (Ro).

Fig. 3. A: Schematic representation of the initiation of the MF. The interactions taking place at
the posterior part of the disc are depicted in the inset. B: Progression and ‘‘re-incarnation’’ of
the MF. The progression of the MF depends on Hh signalling sent from the cells that are already
specified to a stripe of cells anterior to the MF. This Hh signal activates Dpp expression. Dpp is
repressed more anterior by Wg, which is expressed at the lateral margins of the disc and inhib-
its eye development. The MF is re-initated at the lateral margins, a process called re-incarnation
of the MF. Dpp controls its own expression at the lateral margins, where it inhibits Wg. Dpp,
decapentaplegic; Hh, Hedgehog; Wg, Wingless; Upd, Unpaired; MF, Morphogenetic Furrow.

Fig. 5. A: The specification of R7. The interaction between Sevenless (Sev) and Boss (Bride of
Sevenless) at the surface of the presumptive R7 and the R8 triggers the expression of the Ras
pathway. EGFR signalling from the R1–R6 outer photoreceptors activates the same pathway.
The Ras pathway turns on the expression of logenze (lz) and prospero (pros). A Notch signal
from the R1–R6 is also essential for pros activation. B: Discrimination of the R7 and R8 inner
photoreceptors. R7 express prospero (pros), which inhibits the expression of rh5 and rh6. R8
express senseless (sens), which promotes the expression of rh5 and rh6 and inhibits the expres-
sion of the rh3 and rh4. orthodenticle (otd) is expressed in both the R7 and R8, but has only a
permissive and not a sufficient role for rh3 and rh5 expression.
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1999). In order to explain how Hh ini-
tially activates and later represses
ato, it is assumed that Hh acts as
morphogen: low levels anterior to the
MF induce ato, whereas higher levels
posterior inhibit its expression. High
levels of Ato in the cells that comprise
the IG are maintained through ato
autoregulation.

Only three of the cells in the R8 IG
will escape lateral inhibition and will
continue expressing high levels of ato.
The selection of the R8 founder
among these cells is the result of com-
petition between two transcription
factors, Senseless (Sens) and Rough
(Ro). Sens is a zinc-finger transcrip-
tion factor that plays a key role in the
development of the sensory organ pre-
cursors, being involved in a feedback
loop that activates proneural gene
expression (Nolo et al., 2000). In the
retinal precursors, Sens is activated
by Ato and represses Ro, which acts
as a negative regulator of differentia-
tion (Frankfort et al., 2001). A single
cell in the R8 equivalence group
starts expressing high levels of sens.
This initial expression needs to be
maintained through sens repression
by Ro. In the rest of the cells, Ro is
expressed in high levels and main-
tains sens in a repressed state (Fig.
4D) (Pepple et al., 2008). This exem-
plary regulation strategy integrates a
repressive signal mediated by lateral
inhibition with the potential for devel-
opmental plasticity retained by a sin-
gle cell within an equipotent cluster.
Bistable networks, such as that
formed by Sens and Ro, constitute a
common developmental strategy for
cell-fate choices (Graham et al., 2010).

The recruitment of the PRs into the
developing ommatidium by the R8
founder follows a stereotypic pattern
(Tomlinson and Ready, 1987). The
first PRs to be recruited are R2 and
R5, followed by R3 and R4, and subse-
quently by R1 and R6. The EGFR
ligand Spi is expressed by the R8 PR
and triggers the specification of all
the outer PRs through the Ras path-
way (Freeman, 1994). Ro, which is
expressed in the R2 and R5 PRs, acts
to suppress seven-up (svp). Svp is a
member of the COUP subfamily of
orphan nuclear receptors and is
expressed exclusively in the R3/4 and
R1/R6. In ro mutants, R2/R5 acquire
R1/R3/R4/R6 fates (Kramer et al.,

1995). Furthermore, the R3/R4 and
R1/R6 PRs depend on svp for their
specification, in the absence of which
they acquire an R7 fate (Mlodzik
et al., 1990). The R3/R4 PR specifica-
tion also depends on the spalt gene
complex, encoding for the zinc-finger
transcription factors Spalt major
(Salm) and Spalt related (Salr). Intri-
guingly, the spalt genes are expressed
early in the R3/R4 PRs in order to
promote the expression of svp. Later,
svp represses spalt expression, in
order to prevent R3/R4 PRs from
adopting an R7 fate (Domingos et al.,
2004b). Finally, the development of
the R1/R6 pair requires Logenze (Lz),
a member of the RUNX family of tran-
scription factors (Daga et al., 1996).
Lz promotes the expression of BarH1,
a homeodomain transcription factor
essential for the differentiation of R1/
R6 PRs (Higashijima et al., 1992).

The last cell to be specified is the
R7 PR and its specification includes
several factors and signals from the
R8 and the R1/R6 PRs (Fig. 5A).
First, the presumptive R7 PR
expresses the cell surface RTK Sev-
enless (Sev), which binds to its mem-
brane-tethered ligand Boss (Bride of
Sevenless) in the surface of the R8
PR (Kramer et al., 1991; Simon et al.,
1991). This binding triggers the acti-
vation of the Ras signal transduction
cascade in the presumptive R7 PR.
Also activating the same cascade is
EGFR.

Since sev is expressed in other PRs
except for the presumptive R7, a regu-
latory mechanism exists to restrict
the R7 fate to a single cell. The Sup-
pressor of cytokine signalling 36E
(SOCS36E) is a negative regulator of
sev, not expressed in the presumptive
R7 PR (Almudi et al., 2009). In con-
trast, the homologue of the mamma-
lian Grb2 adaptor protein Down-
stream of receptor kinase (Drk) is
expressed only in the presumptive R7
PR and positively regulates the Ras
pathway, by linking Sev to its down-
stream effectors (Olivier et al., 1993;
Simon et al., 1993). SOCS36E and
Drk bind directly to Sev as shown by
FRET assays in Drosophila S2 cells
(Almudi et al., 2010). It has been sug-
gested that SOCS36E and Drk com-
pete for binding to Sev and define the
activation or attenuation of the Ras
pathway, thereby leading to a robust

choice between different developmen-
tal programs.
A downstream target of the Ras

pathway is lz (Daga et al., 1996). In
non-specified cells, the zinc-finger
DNA binding protein Tramtrack69
(Ttk69), a member of the BTB/POZF
family, represses lz. However, upon
activation of the Ras pathway, the
repression of lz is relieved, allowing
the differentiaton of the R7 (Siddall
et al., 2009). In addition, the develop-
ment of R7 requires the absence of
svp (Begemann et al., 1995; Kramer
et al., 1995). The R7 PR receives an N
signal from the R1/R6 PRs, in the
absence of which it adopts an R1/R6
fate (Cooper and Bray 2000). A home-
odomain transcription factor that
genetically differentiates R7 from R8
PRs is Prospero (Pros). In the absence
of Pros the presumptive R7 PR is can-
alized towards an R8 fate (Cook et al.,
2003). The N and EGFR pathways act
in a combinatorial manner to regulate
pros expression. This is achieved
through the control by EGFR and N
of several factors that bind coopera-
tively to the pros enhancer. These fac-
tors include Lz and So/Eya (Hayashi
et al., 2008). Another factor necessary
for pros transcription is the zinc-
finger transcription factor Glass (Gl),
(Moses and Rubin 1991). Glass is spe-
cifically expressed in the visual sys-
tem and it is essential for the differen-
tiation of all the PRs (Moses et al.,
1989). The pros enhancer contains
one Glass binding site that is essen-
tial for the transcription of pros.
Mutant clones for glass show a dra-
matic decrease of Pros expression. The
current evidence suggests that Lz, So/
Eya, and Glass act in a combinatorial
manner to regulate pros expression
(Hayashi et al., 2008).

SUBTYPE SPECIFICATION

OF PHOTORECEPTORS

Once the PRs of the compound eye
have been determined, they undergo
terminal differentiation, which includes
the choice to express a specific rhodop-
sin gene. This step is of particular
importance, since the PRs must select
to express only one among the seven
rhodopsin genes present in the fly
genome, in order to acquire their
functional identity. At the same time,
the expression of the rest of the genes
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Fig. 6. A: Schematic representation of ‘‘pale’’ and ‘‘yellow’’ ommatidia. Pale ommatidia express Rh3 in R7 and Rh5 in R8 and yellow ommatidia
express Rh4 in R7 and Rh6 in R8. B: Confocal image of a compound eye, showing the mosaic of pale and yellow ommatidia. The pale R8 express
Rh5 (red) and the yellow Rh6 (green). The cytoplasm of all the ommatidia is stained with phalloidin that binds to F-actin (blue). C: The choice
between pale and yellow ommatidia. A part of the R7 starts to express spineless (ss) stochastically, which defines these R7 as yellow. Subsequently,
ss sends a signal to the overlying R8 to express warts, which promotes rh6 expression. The R8 that do not turn on warts expression express melt,
which activates rh5 expression. warts and melt suppress each other’s expression. D: Overview of the subtype specification of R7 and R8 PRs.

Fig. 7.

Fig. 7. A: The specification of the ‘‘dorsal yel-
low’’ ommatidia. These ommatidia first express
ss and activate rh4 expression, which specifies
them as yellow. Subsequently, rh3 is turned on
by the action of genes of the IroC complex (left).
The Dorsal Rim Area (DRA) ommatidia specifica-
tion. These ommatidia express rh3 in both R7
and R8 inner photoreceptors under the control of
hth, which is specifically expressed in the DRA.
The expression of hth is controlled by Wg signal-
ling from the head cuticle and by the IroC genes
expressed in the dorsal tissue (right). B: Subtype
specification of the Bolwig Organ (BO) photore-
ceptors. The Rh5 subtype is specified by the
action of spalt (sal) and orthodenticle (otd), which
triggers rh5 expression. At the same time, otd
inhibits rh6 expression. In the Rh6 subtype,
seven-up (svp) inhibits sal and activates rh6.
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is suppressed. Similar to the olfactory
receptors, the photoreceptors have
been proposed to follow the ‘‘one re-
ceptor rule’’ (Mazzoni et al., 2004).
This rule dictates that only one recep-
tor gene is expressed in one sensory
neuron subtype, so that the different
subtypes are functionally distinct. In
the case of PRs, the different subtypes
express one rhodopsin gene that is
sensitive to different wavelengths of
light. An intriguing exception to this
rule are the ‘‘dorsal yellow’’ R7, which
are specified to co-express Rh3 and
Rh4 (see below).

First, the inner PRs are discrimi-
nated from the outer PRs by the spalt
complex. Loss-of-function of spalt con-
verts the R7 and R8 into outer-like
PRs. Surprisingly, even though these
PRs express Rh1, they project to the
medulla, exhibiting an inner PR axo-
nal pattern. This suggests that axonal
targeting of PRs occurs earlier than
terminal differentiation (Mollereau
et al., 2001). The spalt complex is not
required for the early specification of
R8 PRs, but only for their terminal
differentiation. In contrast, spalt is
expressed earlier in the R7 PRs and it
has been suggested to be required for
their specification soon after their
commitment as R7 (Domingos et al.,
2004a). In a next step, R7 and R8 PRs
are differentially specified (Fig. 5B).
R7 PRs specifically express Pros,
whose function is to repress both rh5
and rh6 (Cook et al., 2003). The R8
PRs express Sens, which has an oppo-
site function to that of Pros, by pro-
moting rh5 and rh6 expression. There-
fore, Sens not only has a role early in
R8 selection, but plays also a central
role in the terminal differentiation of
R8 PRs. Although the initial expres-
sion of sens is Ato-dependent, its
expression at this stage depends on
the presence of Sal (Xie et al., 2007).

Subsequently, ommatidia are differ-
entially specified in order to become
pale and yellow subtypes (Fig. 6A and
B). This stochastic choice of a given
ommatidium to become yellow or pale
is initiated in R7 PRs (Fig. 6C). Dur-
ing mid-pupation, a subset of R7 PRs
begin to express the transcription fac-
tor Spineless (Ss), a member of the
bHLH-PAS family of transcription
factors (Wernet et al., 2006). Ss is nec-
essary and sufficient to induce the
yellow ommatidial fate; the ommati-

dia devoid of ss expression become
pale. What triggers the expression of
ss only in a subset of ommatidia and
leads to the accurate generation of a
retinal mosaic of rhodopsin expres-
sion remains enigmatic. Once an R7
cell has been defined as yellow, it
sends a signal to the underlying R8
cell to adopt the same fate and express
rh6. The nature of the signal sent by
the R7 PRs and received by the R8 is
unknown, although two components of
the signalling cascade it triggers have
been described. These are the tumour
suppressor gene warts specifically
expressed in the yellow R8 and the
growth regulator gene melted
expressed in the pale R8 PRs (Mike-
ladze-Dvali et al., 2005). warts and
melt negatively regulate each other’s
expression. They create a bistable
loop, which ensures that a robust deci-
sion is made by the R8 PRs regarding
their yellow-pale fate. Since warts and
melt do not encode for transcription
factors, downstream genes involved in
this regulation await discovery.

Orthodenticle (Otd) is a direct regu-
lator of ommatidial fate, although its
relation with the above signalling
components has not been defined. Otd
is a Paired class homeodomain tran-
scription factor and belongs to the
well-conserved Otd/Crx family, hav-
ing four paralogs in mice (Otx1, Otx2,
Otx3, and Crx), (Simeone et al., 1993;
Zhang et al., 2002). Crx is the most
closely related to Otd. Strikingly, Crx
affects the development of cones and
rods, as well as gene expression of
PR-specific genes (Chau et al., 2000;
Freund et al., 1997; Furukawa et al.,
1997). Otd acts as a permissive factor
for the specification of the pale omma-
tidia, by directly binding to well-char-
acterized sites in the promoters of rh3
and rh5 (Tahayato et al., 2003). Loss
of otd leads to absence of Rh3 and
Rh5 in pale ommatidia. However, yel-
low ommatidia do not acquire a pale
fate in the absence of otd, suggesting
that it has a permissive role and that
additional factors are needed to turn
on rh3 and rh5 expression. Otd also
acts further to repress rh6 in the
outer ommatidia, since in the absence
of otd they activate rh6 expression.
Distinct structural domains of Otd
are responsible for exerting diverse
effects on Rhodopsin expression
(McDonald et al., 2010). The C-termi-

nus mediates Rh5 activation, whereas
the N-terminus mediates the activa-
tion of Rh3 in pale ommatidia. Dele-
tion of the N-terminus also leads to
de-repression of Rh6 in the pale R8
PRs. In addition, removal of a region
placed centrally in the primary struc-
ture of the protein (termed AB) causes
extended co-expression of Rh5 and
Rh6 in R8. These data suggest that
Otd could also play a role in the
mutual exclusion of blue versus green
Rhodopsins. The function of Otd in
rhodopsin expression remains one of
the best characterized, since the tran-
scription factors binding directly to
the rhodopsin enhancers to regulate
gene expression have been largely
unknown. An overview of the subtype
specification of R7 and R8 is shown in
Figure 6D.
Recently, null mutants of the homeo-

domain transcription factor PvuII-PstI
homology 13 (Pph13) were shown to
exhibit a loss of Rh6 in the R8 (Mishra
et al., 2010). Pph13 is a PR-specific
transcription factor and it has been
shown to act in concert with Otd to
control the formation of rhabdomeres
(Zelhof et al., 2003). Whether its effect
on Rh6 expression is direct or is the
consequence of general PR malforma-
tions due to the disorganized rhabdo-
meres in pph13 mutants deserves fur-
ther investigation.
Apart from pale and yellow, another

type of ommatidia, termed dorsal yel-
low, resides in the dorsal part of the
eye, starting from the dorsal rim and
extending up to one-third of the eye.
Surprisingly, the R7 PRs of these
ommatidia co-express the two UV-
sensitive Rhodopsins Rh3 and Rh4,
violating the one-receptor rule. How-
ever, the R8 PRs in these ommatidia
express either Rh5 or Rh6, following
the pattern of the rest R8 inner PRs.
After the pale and yellow specification
throughout the retina, the dorsal yel-
low ommatidia are firstly defined as
yellow and express Rh4. Otd is
expressed in all the PRs, but it only
enables Rh3 expression in the pale
R7. Therefore, Rh3 has to be silenced
in yellow R7. The genes of the IroC
complex (Cavodeassi et al., 1999) are
necessary and sufficient to promote
the co-expression of Rh3 and Rh4,
raising the exciting possibility that
they could act as the signal that de-
represses rh3 in the dorsal yellow
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ommatidia (Fig. 7A) (Mazzoni et al.,
2008). The identification of genes act-
ing downstream of IroC would be a
critical step in the understanding of
the elaborate mechanism by which
the co-expression of Rhodopsins in
the different PR subtypes is excluded.

A highly specialized type of omma-
tidia is found at the Dorsal Rim Area
(DRA) of the eye (Fig. 7A). At the
DRA, one or two rows of ommatidia
display special morphological features
and are enabling the ommatidium to
detect polarized light (Labhart and
Meyer, 1999). In the DRA, both R7
and R8 PRs express the same Rhodop-
sin, Rh3. Their specification involves
the activation of hth by the Wg signal-
ling from the head cuticle, as well as
the IroC genes expressed dorsally
(Tomlinson 2003; Wernet et al., 2003).
Hth is both necessary and sufficient
for a DRA fate, thereby allowing the
DRA ommatidia to perceive polarized
light.

Distinct mechanisms of terminal
differentiation and specification of
rhodopsin fates are acting in the
development of the larval eye (also
named Bolwig organ, BO). Since the
larval eye and the adult compound
eye of the insects have likely evolutio-
narily emerged by partitioning of an
ancestral adult eye, studies of larval
eye development provided an intrigu-
ing entry point into common mecha-
nisms governing eye formation (Frie-
drich, 2006a,b; Liu and Friedrich,
2004). In contrast to the comparably
complex organization of the adult
compound eye, the larval counterpart
consists of only 12 PRs, which are fur-
ther divided into two subtypes: eight
PRs express Rh6 and four PRs
express Rh5. Therefore, larval PRs
express the same Rhodopsins as the
adult R8-PRs. However, this does not
imply that all BO PRs are homologs of
the adult R8 cells. Several lines of evi-
dence suggest that the larval Rh5-
PRs of the BO share similarities with
a subset of R8 PRs while the larval
Rh6-PRs are similar to adult outer
PRs (Friedrich, 2008).

The Rh5-PRs are specified by the
combinatorial action of Sal and Otd,
which trigger rh5 expression (Fig.
7B). At the same time, Otd represses
Rh6 expression in the Rh5-PRs. This
function of Otd is reminiscent of its
function in the outer PRs of the ret-

ina, where it also represses rh6 in
outer PRs. Although sal expression
defines the inner PRs in the retina, in
the BO it is exclusively expressed in
the Rh5-PRs. In Rh6-PRs, sal expres-
sion is repressed by svp, leading to in-
hibition of rh5 expression. Although
Otd is equally expressed in all the BO
PRs, it is not sufficient to turn on rh5
in the absence of sal, suggesting that
as in the retina its role in activating
rhodopsin expression is permissive,
but not sufficient. At the same time,
Svp is required for rh6 expression in
the Rh6-PRs, since in svp mutant
embryos all PRs express only Rh5
(Sprecher et al., 2007). svp has a role
only in the initial specification of the
R3/R4 and R1/R6 PRs of the retina
and not in their terminal specification
(Mlodzik et al., 1990). Thus, even
though larval and adult R8 PRs
express the same set of rhodopsin
genes, the genetic mechanisms con-
trolling the expression of Rh5 and
Rh6 are surprisingly distinct.

During metamorphosis, the larval
eye gives rise to the adult eyelet, a
small visual organ important for cir-
cadian rhythm control (Helfrich-For-
ster 2002; Helfrich-Forster et al.,
2002; Veleri et al., 2007; Yasuyama
and Meinertzhagen 1999). The eyelet
contains only 4 PRs, all of which
express Rh6, whereas the BO consists
of 12 PRs expressing either Rh5 or
Rh6. At early pupation, the Rh6-PRs
of the BO undergo apoptotic cell
death, while Rh5-PRs are maintained
giving rise to cells of the eyelet. At the
same time as Rh6-PRs degenerate,
the Rh5-subtype cease to express rh5
and start to turn on rh6 expression in
late pupal stages. Therefore, during
the transformation of the BO to the
eyelet, terminally differentiated and
functional neurons retain the poten-
tial to change their identity and are
re-specified by expressing a different
receptor molecule (Sprecher and Des-
plan, 2009b). The Ecdysone hormone,
which is the trigger for many develop-
mental transformations during pupa-
tion, was found to be responsible for
the switch of Rhodopsins as well as
for the degeneration of the Rh6-PRs
of the BO. Surprisingly, Sens is specif-
ically expressed in the Rh5-PRs, pre-
venting them from undergoing apo-
ptosis (Sprecher and Desplan, 2008).
Therefore, an additional function dur-

ing PR development is attributed to
Sens, this time as a survival factor.

PERSPECTIVES

A central question in developmental
biology is how various highly special-
ized cell types of an organism are
formed, starting from a uniform popu-
lation of unspecified cells. It is now
apparent that this process involves
many intermediate steps in order to
ensure precise specification of cells.
The eye of Drosophila provides a pro-
totype experimental system to study
these processes, since it consists of
various different types of cells that
are organized in a highly stereotypic
manner. For instance, different sub-
types of PRs, with different spectral
sensitivity, are organized in an accu-
rate way within the ommatidia. The
research in the development of the fly
eye has flourished in the last 30 years
and has yielded many interesting
results.
Despite the progress that has been

achieved, many aspects of the devel-
opment of the eye remain enigmatic.
For example, although many selector
genes that are sufficient to induce a
general eye fate in other imaginal
discs have been discovered, their pre-
cise role in the differentiation process
is cryptic. Thus, the way that these
genes contribute in the specification
of an initially uniform developmental
field in an imaginal disc deserves fur-
ther examination. In this context, it is
important to identify downstream tar-
gets of these master regulatory genes,
which would be either transcription
factors or effector proteins. Currently,
only certain steps of the molecular
machinery controlling eye develop-
ment in Drosophila have been identi-
fied. Common mechanisms of cell fate
determination are likely to exist in
many organisms, including verte-
brates. Moreover, most of the genes
that control eye specification in Dro-
sophila have vertebrate homologues,
which could have common functions
in tissue determination.
Although the initial steps of the for-

mation of the MF have been well
studied, little is known about the
genes and cellular pathways control-
ling the transition from the neuronal
identity to the photoreceptor identity.
The processes by which a neuron
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develops to a specific neuronal type
(for example a sensory neuron, an
interneuron, or a motor neuron) have
been the focus of intense research.
Since several photoreceptor-specific
genes have been identified, the mech-
anisms that lead to their activation
would give insights into the choice of
a neuron to adopt a certain fate (in
this case a retinal fate).

The presence of different PR sub-
types in the compound eye of Dro-
sophila is the result of terminal differ-
entiation events, converting a generic
PR into a functional neuron. During
terminal differentiation, a certain PR
subtype activates the expression of
one rhodopsin gene and suppresses
the expression of the others. Since
the Rhodopsins are regulated in a
transcriptional level, activators or
suppressors of transcription bind to
the rhodopsin enhancers and dictate
whether a certain gene will be
expressed or not. The identification
of transcription factors that directly
regulate rhodopsin expression will
shed light on the regulatory mecha-
nisms discriminating neurons into
highly specialized subtypes with
unique functions.
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