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Generating patterned arrays of photoreceptors
Javier Morante, Claude Desplan and Arzu Celik*
One of the most fascinating topics in biology is to

understand the development of highly differentiated cells such

as photoreceptors (PRs). This process involves successive

steps, starting with the generation of the eye primordium,

recruitment and specification of PRs and finally, expression of

the proper rhodopsin, the photopigment that initiates the

signaling cascade underlying light input excitation. In this

review, we describe the sequential steps that take place in the

Drosophila eye, from the initial neuronal specification of PRs

through their full maturation, focusing specifically on the

transcription factors and signaling pathways involved in

controlling the precise expression of different rhodopsins in

specialized PRs.
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Introduction
Although eyes are morphologically and evolutionarily

distinct in different organisms such as the Drosophila
compound or the camera-like eye in mammals, the mol-

ecular mechanisms that govern their development have

shown surprising homologies [1]. In Drosophila, the gener-

ation of mature adult photoreceptors (PRs) results from a

cascade of regulatory steps that controls the specification

and morphological changes that define each class of PRs.

Drosophila eye development starts with the determination

of the eye-antennal disc during embryogenesis. Then,

during the third larval stage of development, a wave of

differentiation requiring BMP and Hedgehog signaling

(called the morphogenetic furrow, MF) initiates at the

posterior margin of the eye disc and progresses anteriorly

through undifferentiated cells [2��,3�,4]. This wave

leaves patterned clusters of eight PR neurons, called

ommatidia. Although this patterning wave was initially
www.sciencedirect.com
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thought to be unique to the compound eye of insects, a

similar mechanism seems to be used in the zebrafish

retina where PR differentiation, mediated by Sonic

Hedgehog activity, starts in the center of the prospective

eye field and then propagates outward [5�].

Toward the end of pupal development, the eye under-

goes profound morphological changes to acquire its final

adult shape: PRs form their rhabdomeres (the specialized,

membrane-rich, light guiding apical organelle that serves

as the site of phototransduction), and the concomitant

induction of different wavelength-sensitive rhodopsins,

the light receptors, occurs [6]. During this process, two

morphologically distinct classes of PRs become distin-

guished within each ommatidium: outer PRs (R1–6)

contain wide rhabdomeres spanning the whole retina

and express the broad spectrum opsin Rh1. Inner PRs

(R7 and R8) are located in the center of each ommati-

dium. Their rhabdomeres are smaller and span only half

of the retina, with R7 rhabdomeres sitting on top of R8’s.

Inner PRs present a complex pattern of rhodopsin expres-

sion: R7 express stochastically either of the UV-sensitive

opsins, Rh3 or Rh4, whereas R8 express either Rh5 (blue)

or Rh6 (green). Interestingly, Rh3 expression in R7 is

primarily coupled with Rh5 in R8, and Rh4 is coupled

with Rh6. This defines two functional classes of PRs

distributed randomly throughout the whole eye: pale
(Rh3/Rh5) and yellow subtypes (Rh4/Rh6) [7].

Through their different rhodopsin gene expression, outer

and inner PRs mediate different functions. Outer PRs,

the fly equivalent of vertebrate rods, are involved in

motion detection and image formation. They send their

projections to the first optic lobe neuropil, the lamina.

Inner PRs, similar to vertebrate cones, are involved in

color vision and compare their output in the medulla in a

deeper region of the optic lobe [8].

The retinal determination gene network in
Drosophila
The specification of the eye primordium requires the

expression of a network of ‘retinal determination genes’

[1,9–11], formed by eyeless (ey), eye gone (eyg), sine oculis (so),

eyes absent (eya), and dachshund (dac) transcription factor

families (Figure 1). Mutations in any of these genes cause

reduction or absence of the eye, whereas ectopic expres-

sion of these genes, alone or in combinations, is sufficient to

induce eye formation in other tissues [12,13,14��,15,16�].
Remarkably, this network has been repetitively used

throughout evolution in different organisms for the gener-

ation of different organs in a tissue and context-specific

manner, integrating multiple signaling pathways [1,17].
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Figure 1

Developmental timetable of the Drosophila retinal mosaic. After the eye-antennal disc is specified by the eye determination genes, PRs are recruited

sequentially into an ommatidium (first R8, then R2 and R5, later R3 and R4, and finally R1 and R6). In the late larval and early pupal stages initial cell-

fate decisions are made. First, a generic color PR fate is established through the action of sal. Then R7 and R8 cells are distinguished from each other

by the specific expression of pros and sens in R7 and R8, respectively. Hth commits inner PRs to the DRA fate; while otd generates the pale fate, ss

patterns, the yellow ommatidial subset. Finally, the subset-specific expression of wts and melt in yellow and pale R8 cells, respectively, enforces the

decision that has been communicated by the R7 cell.
ey and its highly related neighboring gene, twin of eyeless,

are the homologues of vertebrate Pax6 [18]. Pax6 is

essential for eye development in most species where it

has been studied, and it is able to induce ectopic eyes

when expressed in different tissues, both in flies and

vertebrates [13,14��,19,20]. Since the vertebrate and

insect eyes are likely to be evolved independently

[21��], the common use of Pax6 likely reflects a common

ancestral function in regulating PR fate in both lineages

[9,22]. ey and toy sit at the top of the transcriptional

hierarchy of eye development, while the remaining

retinal determination genes so, eya, and dac comprise

the downstream regulators that are all required for eye

development [1,13,23]. Interestingly, extensive crosstalk

occurs between these factors, with multiple feedback

loops, thus allowing downstream members of the pathway

to retain their ability to induce ectopic eyes [24]

(Figure 1).

Photoreceptor determination in Drosophila
Once cells in the eye imaginal disc have been selected

during embryogenesis to participate in eye development,

PR differentiation initiates during larval stages at the

morphogenetic furrow (Figure 1). At least five different

signaling pathways are involved in this process. The hedge-
hog (hh) and dpp pathways are involved in the initiation and

progression of the MF [3�,4,25]. Conversely, wg acts as a
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negative regulator of the MF, preventing inaccurate retinal

specification [26,27��].

As Hh drives the progression of the MF across the eye disc,

it induces the expression of the transcription factor Atonal

[28], which becomes expressed in regularly spaced pre-

cursors that are specified as R8 in each cluster [29�]. The

recruitment of the other PRs from the surrounding pool of

undifferentiated cells is mediated by the epidermal growth

factor receptor (EGFR) and Notch (N). First, an EGFR

ligand, Spitz, is secreted by R8 [30��]. As a result of this

process, five PRs (R8 plus R2–5) are initially recruited in

each ommatidium, forming a five-cell pre-cluster. These

five PRs maintain their G1 arrest and differentiate in

response to EGFR. The surrounding cells that did not

respond to EGFR signaling, however, enter the cell cycle

one last time in a second mitotic wave [31�,32] before R1

and R6 are finally recruited by EGFR and become differ-

entiated. The R7 cell fate is acquired through the acti-

vation of two signals: Bride-of-Sevenless (Boss), which is

expressed by R8, activates the Sevenless receptor on the

surface of the presumptive R7 cell [33,34,35��]. A second

signal involves the Delta ligand expressed by R1 and R6,

which directs the R7 cell fate through activation of the

Notch receptor [35��,36�]. The two signaling pathways

might interact in a combinatorial fashion in R7 or they

might act sequentially with activation of the EGFR
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pathway first recruiting R7, followed by Notch inhibiting

the Ras pathway [35��,37]. Finally, accessory cells are

recruited by EGFR activity to the ommatidium, which

then comprises 20 cells.

The initial patterning of PRs in the eye disc is followed by

PR maturation that happens much later, during late pupal

stages. This maturation involves sequential steps, which

restrict individual cells to a particular fate and finally results

in the expression of genes specific for each class of PRs.

Several transcription factors that act sequentially in these

processes have recently been identified (Figure 1).

Establishment of a generic ‘color PR’ fate
The first cell-fate decision necessary for generating differ-

ent functional classes of PRs appears to be the distinction

between inner and outer PRs. The spalt genes (sal) encode

two zinc-finger transcription factors and are specifically

expressed in both R7 and R8. They are essential to commit

these cells to an inner color PR cell fate (Figure 1). As loss-

of-function of sal results in the transformation of inner PRs

into outer PRs, their rhabdomeres become longer and

broader and they express Rh1. Projections of these PRs

are, however, not redirected toward the lamina, maintain-

ing their overall projection pattern to the medulla [38�].
Unlike vertebrate PRs that are dedicated to light percep-

tion, with the retinal ganglion cells being in charge of

transmitting the information to higher brain center, fly

PRs are both neurons and PRs: sal is only involved in

the differentiation of PRs and does not affect their

neuronal fate.

Distinguishing between R7 and R8
sal determines the fate of R7 and R8 as ‘generic’ inner/color

PRs. Further specification is, however, required to deter-

mine the specific differentiation into R7 (long rhabdomere

on top, expressing Rh3 or Rh4) or R8 (rhabdomere at the

bottom of the retina, expressing Rh5 or Rh6). Indeed,

the next cell-fate decision involves the distinction of R7

cells from R8 cells. prospero, which encodes a transcription

factor, is specifically expressed in R7 cells where it

represses R8 opsins (Rh5 and Rh6) by directly binding

their promoters [39�] (Figure 1). Furthermore, prospero is

requiredforcorrect nuclear positioning in theR7cell. In the

absence of prospero, R7 cells take on the ‘generic’ inner PR

fate, which appears to be close to the R8 fate. R8 specifica-

tion away from the generic fate, however, requires a differ-

ent cell-specific transcription factor, senseless (sens). Sens is

expressed specifically in R8 cells and has been shown to be

able to induce Rh6 expression when mis-expressed in outer

PRs [40] (T. Cook, submitted) (Figure 1). Therefore, sal
creates a generic inner PR fate, while prospero and senseless
push these cells toward the R7 and R8 fates, respectively.

Color versus polarization detection
Subsequent steps involve the commitment of inner

PRs to fates that provide color-sensitive versus
www.sciencedirect.com

Please cite this article in press as: Morante J, et al., Generating patterned arrays of photorecepto
polarization-sensitive properties to different ommatidia.

Dorsal rim area (DRA) ommatidia are located in one to

two rows of ommatidia in the dorsal edge of the retina

and function in the detection of the e-vector of polarized

light. Their inner rhabdomeres are larger and contain

stacks of microvilli that are perpendicular to each other in

R7 and R8, thus serving as polarizing filters. Interestingly,

both R7 and R8 cells in the DRA express the same

rhodopsin, Rh3. The commitment to the DRA fate is

achieved by a localized expression of homothorax (hth),

which encodes a homeoprotein (Figure 1). hth is

expressed specifically in one row of ommatidia at the

dorsal edge of the eye in response to two dorsal cues:

wingless signaling from the head cuticle and the speci-

fication of dorsal tissue by IroC genes [41�,42��]. Loss of

hth leads to the loss of the typical DRA morphology.

Additionally, the specific expression of Rh3 in both R7

and R8 is lost, and an unusual coupling of Rh3 in R7 with

Rh6 in R8 is observed. Mis-expression of hth is also

sufficient to transform all ommatidia into DRA ommatidia

with increased rhabdomere diameter and expression of

Rh3 in both R7 and R8. Thus, hth is the key factor for

determining the DRA fate and provides the fly with

polarized light vision for navigation [42��].

pale versus yellow stochastic ommatidial
choice
Inner PRs in non-DRA ommatidia develop for color

vision and express Rh4/Rh6 in 70% of (yellow) ommatidia

and Rh3/Rh5 in the remaining 30% of ( pale) ommatidia.

How the stochastic choice of pale versus yellow ommatidia

is made and how a specific and highly conserved ratio is

achieved remain important developmental questions.

Two factors have been implicated in this choice: a per-

missive factor required for the pale choice and an instruc-

tive factor that specifies the yellow ommatidial subtype.

The K50 homeodomain transcription factor encoded by

orthodenticle (otd) was identified as a key factor for the

generation of the pale subtype (Figure 1). Otd positively

regulates the expression of Rh3 and Rh5 by directly

binding to their promoter [43]. Although loss of otd leads

to the loss of Rh3 and Rh5 in the pale subtype, the yellow
subtype (Rh4 and Rh6) does not expand into pale omma-

tidia, leading to 30% of ommatidia that are not committed

to expressing any given opsin. Thus, ommatidial subtype

specification and rhodopsin expression seem to be two

separable processes [6].

Although otd is necessary for pale ommatidia rhodopsin

expression, mis-expression of otd to all cells is not sufficient

to induce this cell fate. In contrast, recent studies have

identified the bHLH-PAS transcription factor encoded by

spineless (ss) as both necessary and sufficient in patterning

yellow ommatidia. ss is expressed in a large subset of R7 cells

during pupation where it leads to the expression of Rh4 in

adult R7 cells [44��] (Figure 1). The remaining R7 cells,

which lack ss, express Rh3 by default. Mis-expression of ss
Current Opinion in Genetics & Development 2007, 17:1–6
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activates rh4 in all PRs and prevents expression of rh3,

indicating that ss lies upstream of otd-mediated activation

of the pale-specific opsin. Although ss encodes a transcrip-

tion factor, it is not expressed in adult and therefore does

not act directly on the rh4 promoter. Rh expression starts at

78% after puparium formation (APF) with the expression

of Rh1 and is followed by Rh3, Rh4, Rh5, and Rh6 shortly

after [45]. This means that other factors downstream of ss
are responsible for controlling the expression of Rh4 and

antagonizing the signal generated by the R7 cell. ss is the

first factor other than Rh that is expressed in a subset of PR

cells. It will be very interesting to identify the factors

upstream of ss that lead to its remarkable stochastic expres-

sion pattern.

Signaling from R7 to R8 to coordinate
subtype choice
The choice of becoming a pale versus a yellow ommati-

dium is first made by ss in the R7 cell. Once this decision

is made, this information is communicated to the under-

lying R8. When the signal from R7 is absent (e.g. in

sevenless mutants), all R8 express Rh6 [46��,47]. While the

exact nature of this signal emanating from pR7 remains

elusive, downstream events in R8 are well characterized.

Two genes warts and melted play opposite roles to main-

tain the decision that has been communicated by R7, but

they do not affect the normal distribution of the pale and

yellow R7 (Figure 1). warts encodes a Ser/Thr kinase

similar to human large tumor suppressor (Lats). It is

specifically expressed in yellow R8. Loss-of-function of

warts leads to the transformation of all yellow (Rh6) R8

into pale (Rh5) R8, as if all R8 were receiving the R7

signal. melted, which encodes a Pleckstrin Homology (PH)

domain protein, is expressed in a complementary fashion

in pale R8 [48��]. Loss of melted results in the transform-

ation of all pale (Rh5) R8 into yellow (Rh6) R8, as if no R7

signal was received. Additionally, generalized expression

of warts or melted induces generalized Rh6 or Rh5 expres-

sion in R8, respectively, again without affecting R7 [48��].
These two proteins interact in a negative interaction loop,

where melted responds to the signal coming from R7 while

warts regulates the output of the loop. This bi-stable loop

ensures that a robust decision is made in R8 to express the

correct Rh. warts/Lats is part of the Lats/Hippo/Salvador

tumor suppressor pathway that normally prevents pro-

liferation and promotes cell death. Melt is a member of

the Tor/Insulin growth control pathway. It appears that

the entire Lats/Hippo pathway (but no other member of

the Tor/Insulin pathway) becomes re-utilized in R8 spe-

cification after it is no longer required when PRs have

exited cell cycle. Since warts and melted do not encode

transcription factors, although they are regulated at the

transcriptional level, it will be very interesting to identify

the transcriptional effectors of this loop. R8 specification

thus provides an excellent system to identify both

upstream and downstream regulators that control tumor

suppression.
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Conclusions
Retinal patterning involves many different specification

strategies that ultimately give rise to the highly organized

adult retina. Most of these events are regulated by coor-

dinated actions of many transcription factors and signaling

pathways with highly restricted functions. Early pattern-

ing events involve sequential recruitment of PRs into pre-

clusters. Later events lead to the precise specification of

localized PR subtypes (e.g. DRA ommatidia) or omma-

tidia exhibiting stochastic distribution (p versus y). Once

a choice is made in R7, it is communicated to R8 where it

is maintained by a highly coordinated loop. A more

detailed understanding of pattern formation in the

Drosophila retina will help us understand more general

problems in neurobiology.
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