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Although development of the adult Drosophila compound eye is very well understood, little is known about
development of photoreceptors (PRs) in the simple larval eye. We show here that the larval eye is composed of
12 PRs, four of which express blue-sensitive rhodopsin5 (rh5) while the other eight contain green-sensitive
rh6. This is similar to the 30:70 ratio of adult blue and green R8 cells. However, the stochastic choice of adult
color PRs and the bistable loop of the warts and melted tumor suppressor genes that unambiguously specify
rh5 and rh6 in R8 PRs are not involved in specification of larval PRs. Instead, primary PR precursors signal
via EGFR to surrounding tissue to develop as secondary precursors, which will become Rh6-expressing PRs.
EGFR signaling is required for the survival of the Rh6 subtype. Primary precursors give rise to the Rh5
subtype. Furthermore, the combinatorial action of the transcription factors Spalt, Seven-up, and Orthodenticle
specifies the two PR subtypes. Therefore, even though the larval PRs and adult R8 PRs express the same
rhodopsins (rh5 and rh6), they use very distinct mechanisms for their specification.
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In spite of the morphological and developmental differ-
ences between vertebrate and invertebrate eyes, their ba-
sic function to translate light information from the en-
vironment to the brain is maintained. In Drosophila, the
adult compound eye has been studied in great detail. It
consists of ∼800 individual ommatidia. Each omma-
tidium contains eight photoreceptor cells (PRs): six outer
PRs (R1–R6) and two inner PRs (R7 and R8). Different
PRs are sensitive to different wavelengths of light, de-
pending on the rhodopsin gene (rh) they express. Outer
PRs are involved in motion detection and contain Rh1, a
broad-spectrum photopigment. R7 and R8 each expresses
a distinct rh with restricted absorption spectra—rh3, rh4,
rh5, and rh6. The type of rh expressed in inner PRs de-
fines two major types of ommatidia: The pale (p) omma-
tidia have R7 that contain UV-sensitive Rh3 with the
corresponding R8 expressing blue Rh5, whereas in yel-
low (y) ommatidia, R7 expresses UV-sensitive Rh4 and
R8 expresses green Rh6.

Recently, substantial progress has been achieved in
understanding the molecular basis of how different sub-

types of PRs are specified (Wernet and Desplan 2004;
Mikeladze-Dvali et al. 2005a). Initially, R7 and R8 ex-
press the transcription factor spalt (sal) that is required
to specify them as inner PRs and distinguish them from
outer PR identity (Mollereau et al. 2001). Then, the ex-
pression in R7 of the gene prospero (pros), which encodes
a homeodomain transcription factor, further distin-
guishes R7 from R8 by repressing R8 rhs, rh5, and rh6
(Cook et al. 2003).

The generation of the two types of ommatidia, yellow
and pale, includes several steps. First, the stochastic ex-
pression of the transcription factor Spineless (Ss) in a
subset of R7 cells specifies yellow ommatidia. Ss is re-
quired cell autonomously in yR7 for rh4 expression and,
further, cell nonautonomously for the underlying R8 cell
to acquire y fate and turn on rh6 expression (Wernet et al.
2006). The coordination between R7 and R8 rhodopsins
requires a signal from pR7 that induces the pR8 fate. In
sevenless mutants that lack R7, rh5 expression is lost
while rh6 is expanded to almost all R8 (Papatsenko et al.
1997; Chou et al. 1999). The y versus p choice in R8 is
then reinforced by a bistable loop of regulation between
the tumor suppressor gene warts (wts) and the growth
regulator melted (melt) (Mikeladze-Dvali et al. 2005b):
wts is required for rh6 expression, whereas melt is es-
sential for rh5 expression. wts and melt repress each
other transcriptionally, thereby ensuring that a robust
decision to express either rh5 or rh6 is made. The ho-
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meoprotein encoded by orthodenticle (otd) is required in
both p R7 and R8 to activate rh3 and rh5 through direct
binding to their promoter. Otd has only a permissive
role: It is expressed in all PRs and its overexpression is
not able to induce rh3 or rh5 expression in y ommatidia.
Furthermore, the y ommatidial fate does not expand in
otd mutants (Tahayato et al. 2003).

Although much is known about the development of
the adult visual system, little is known about the devel-
opment and function of the larval visual system. PRs of
the larval eye (Bolwig Organ [BO]) extend their axonal
projections to the larval pacemaker neurons, which con-
trol the larval circadian rhythm (Malpel et al. 2002;
Hassan et al. 2005; Moncalvo and Campos 2005). Visual
input via the larval eye is crucial for the entrainment of
the molecular clock (Malpel et al. 2004; Mazzoni et al.
2005). Furthermore, both larval PRs and pacemaker neu-
rons control larval photophobic behavior (Mazzoni et al.
2005). Very simple in structure, the larval eye contains
∼12–14 PRs (Green et al. 1993). In contrast to adult om-
matidia, BO lacks accessory cells, such as pigment cells
or cone cells.

BO precursor cells develop in the optic placode adja-
cent to the optic lobe primordium (Green et al. 1993).
Development of larval PR precursor cells proceeds in a
two-step process. First, primary precursors (also called
BO founder cells) are specified; they express and require
the proneural gene atonal (ato) and the retinal patterning
genes sine oculis (so) and eyes absent (eya) as well as
hedgehog (hh) signaling (Schmucker et al. 1994; Suzuki
and Saigo 2000). Then, primary precursors signal to the
surrounding tissue by expressing the TGF� homolog
spitz (spi), which activates EGF receptor (EGFR) and re-
cruits adjacent cells to develop as secondary precursors
(Daniel et al. 1999; Suzuki and Saigo 2000). tailless (tll),
which encodes an orphan nuclear receptor, opposes EGFR
signaling in the surrounding optic lobe primordium, pre-
venting adjacent cells from developing as PRs (Daniel et
al. 1999). Subsequently, as immature PRs detach from
the optic lobe primordium and start to differentiate, they
extend their axons and remain in contact with the optic
lobe (Schmucker et al. 1992, 1997; Dumstrei et al. 2002).
Two distinct PR subtypes can be distinguished in the
larval eye: Four PRs contain blue-sensitive Rh5 while
eight contain green-sensitive Rh6. This is strongly remi-
niscent of adult R8 PRs, which express Rh5 in 30% of
ommatidia and Rh6 in the remaining 70%. Thus, similar
molecular mechanisms could act to specify the two dis-
tinct subtypes in larval PRs and in adult R8 cells.

Here we describe the genetic mechanisms underlying
the specification of the two larval PR subtypes. We show
that primary precursors develop independently of EGFR
and give rise to the Rh5 subtype whereas secondary pre-
cursors give rise to Rh6-subtype PRs. EGFR signaling is
required for the survival of secondary precursors of the
Rh6 subtype. The combinatorial action of transcription
factors Seven-up (Svp), Sal, and Otd is required to distin-
guish the two subtypes. The Rh5 subtype requires sal
and otd, while the Rh6 subtype requires seven-up (svp).
EGFR signaling, otd, svp, and sal are also core compo-

nents of PR development in the adult retina. However,
they play very different roles in the two systems. Thus,
even though adult R8 and larval PRs share the same rho-
dopsin fates, the genetic pathways that control their ex-
pression are surprisingly different.

Results

Embryonic development of the larval eye
and initiation of rhodopsin expression

We followed BO PR development from specification of
precursors until the end of larval life using anatomical
and molecular markers. Larval PRs develop from a group
of cells located at the ventral tip of the optic placode,
adjacent to the progenitors of the optic lobe primordium
(Green et al. 1993). The earliest precursor cells express
the proneural gene ato in a highly dynamic manner dur-
ing embryonic stages 10–12 (Fig. 1A; Daniel et al. 1999;
Suzuki and Saigo 2000) (we obtained comparable results
using either the ato-Gal4 driver or an anti-Ato antibody;
data not shown). Expression of ato in PR precursors de-
creases during stage 12 until no expression is found after
embryonic stage 13. During embryonic stage 12, BO pre-
cursors start to express the neuronal marker Elav as well
as Krüppel (Kr) and Fasciclin II (FasII) (Schmucker et al.
1992; Daniel et al. 1999), which were used as molecular
markers for immature PRs throughout embryogenesis
(Figs. 1B, 3A, below). During optic lobe invagination, lar-
val PRs remain connected with the optic lobe primor-
dium by the Bolwig Nerve (BN), which extends while the
distance between the PRs and optic lobe primordium
gradually increases (Schmucker et al. 1992). By stage 15,
all PRs are largely separated from the optic lobe primor-
dium and BO is positioned at the anterior part of the
embryonic head (Fig. 1B), where it becomes associated
with the head skeleton at embryonic stage 17 (Green et
al. 1993).

Larval PRs, whose number varies from eight to 16,
start to express rh5 and rh6 by the end of embryogenesis
(stage 16/17) and maintain rh expression throughout lar-
val life (Fig. 1C,D). Three or four BO PRs express Rh5 and
the remaining eight to 10 express Rh6 (Fig. 1C,D). We
verified that rh1, rh3, and rh4, which had been previ-
ously reported to be expressed in BO (Pollock and Benzer
1988) were not expressed in the larval eye (data not
shown). The PR-specific gene chaoptic (chp) becomes ex-
pressed in all larval PRs at about the same developmen-
tal stage (Fig. 6D, below). By the end of embryogenesis,
PRs are packed tightly and do not exhibit any obvious
signs of further cellular differentiation. However, during
early larval life, their morphology changes dramatically;
cells become loosely packed and build up arborization-
like protrusions (Fig. 1D, arrow). While Ato expression
quickly disappears, the expression of Chp, Kr, Elav, Rh5,
and Rh6 is maintained throughout larval life.

The Wts/Melt pathway is not involved in the choice
of Rh5 versus Rh6

The expression of Rh5 and Rh6 in larval PRs is strongly
reminiscent of the adult R8 PRs. Therefore, we tested
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whether wts and melt, which form a bistable loop of
regulation required for the robust specification of Rh5 or
Rh6 fate in adult R8, are also required in larval PRs.
However we could not detect expression of wts or melt
at any time during embryogenesis, as visualized using
wts and melt enhancer trap lines. We also could not de-
tect early maternal expression in embryos (data not
shown). To test whether wts and melt are required for
the subtype specification in the larval eye, we analyzed
Rh5 and Rh6 expression in wts and melt mutant larvae.
However, the expression of neither Rh5 nor Rh6 is af-
fected (Fig. 2A,B). To manipulate the early phase of PR
precursor specification and development, we made use of
a sine oculis-Gal4 (so-Gal4), which starts to be expressed
in the optic lobe placode at embryonic stage 10 and re-
mains expressed in the optic lobe and all larval PRs
throughout embryogenesis and larval life (Supplemen-
tary Fig. 1A,C). Interestingly, the ectopic expression of
UAS-wts or UAS-melt under the control of so-Gal4 did
also not affect the expression Rh5 and Rh6 (Fig. 2C,D).
Furthermore the total number of larval PRs and the ratio
of Rh5 PRs versus Rh6 PRs remain unaltered in both wts
and melt gain of function (GOF) as well as in loss of
function (LOF) (Fig. 2E). Thus, in contrast to the adult
retina, the specification of the Rh5 and Rh6 subtypes
does not depend on wts and melt.

Egfr signaling and tll action orchestrate
the development of the Rh6 subtype

As in the adult eye, recruitment of BO PR precursor cells
requires activation of the EGFR pathway. Primary BO
precursors produce Spi, which is required in neighboring
cells to develop as secondary precursors. In embryos mu-
tant for spi, the immature larval eye only consists of
three or four cells (Daniel et al. 1999). Therefore, we
tested whether EGFR signaling is involved in the speci-
fication of larval PR subtypes and whether there is a
correlation between primary precursors and rh5-express-
ing PRs or between secondary and rh6-expressing PRs.
Because EGFR signaling has multiple earlier functions in
the embryo, we misexpressed a dominant-negative form
of EGFR (UAS-EGFRdn) under the control of so-Gal4 to
suppress EGFR activity in BO precursors. This results in
the development of only three or four immature PRs as
compared with ∼14 cells in the wild type (Fig. 3A,B), a
phenocopy of the BO in spi mutants (Daniel et al. 1999).
All of the remaining three or four PRs all express Rh5
(Fig. 3D) as well as the general markers Elav, FasII, Kr,
and Chp (Fig. 3B,F). They also express the Rh5-subtype-
specific marker sal (Fig. 3F, see below), but not the Rh6-
subtype-specific marker svp (see below). These results
show that EGFR signaling is required for the develop-

Figure 1. Development of BO and rhodopsin expres-
sion. (A) Lateral view of the head region of an ato-Gal4,
UAS-lacZ embryo stained with anti-�-Gal (red) and anti-
Neurotactin (Nrt) (green). ato-lacZ expression is found
in BO precursors (arrow) at late stage 11. (B) Dorsal view
of a stage 15 embryonic head: Anti-FasII (green) staining
shows the position of BO (arrow). (C) High-magnifica-
tion image of the BO at late stage 17 immunolabeled
with anti-Rh5 (green), anti-Rh6 (red), and anti-Elav
(blue). A total of 12 PRs are observed: Eight are stained
by anti-Rh6 antibody, and four are stained with anti-Rh5
antibody. (Inset) Three-dimensional reconstruction of
the BO PRs. (D) High-magnification image of the BO in
third instar larvae immunolabeled with anti-Rh5
(green), anti-Rh6 (red), and anti-Elav (blue). A total of 12
PRs are observed: Eight are stained by anti-Rh6 anti-
body, and four are stained with anti-Rh5 antibody. PRs
build up arborization-like protrusions (arrow).
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ment of Rh6 PRs and strongly suggests that primary pre-
cursors develop into the Rh5 subtype while secondary
precursors give rise to the Rh6 subtype.

Activation of the EGFR pathway is relayed to the
nucleus through the mitogen-activated protein kinase
(MAPK) cascade, which ultimately leads to the phos-
phorylation of nuclear effectors such as the Ets family
transcription factors Pointed (Pnt) and Yan (O’Neill et al.
1994). Both Yan and Pnt are expressed during stage 10/11
in the developing lobe primordium when larval PRs
form; however their expression decreases during embry-
onic stage 12/13, and no expression can be detected at
stage 15 (Supplementary Fig. 2; data not shown).

The orphan nuclear receptor Tll has an effect opposite
to the EGFR signaling in specifying PR precursors versus
optic lobe primordium. Tll is expressed in the optic lobe
primordium but not in PR precursors. Removing tll func-
tion in the embryo leads to supernumerous immature
PRs (Daniel et al. 1999), suggesting that tll acts nega-
tively on the development of secondary precursors. To

test which subset is affected, we analyzed Rh5 and Rh6
expression in tll mutants at the end of embryogenesis,
before tll mutants die. The number of Rh5 PRs remains
largely unchanged. However, the number of Rh6 PRs is
dramatically increased to 20–25 instead of the normal
eight to 10 (Fig. 4D). This suggests that tll inhibits adja-
cent cells from adapting the Rh6 cell fate.

Since the lack of EGFR signaling results in a smaller
number of larval PRs due to cell death (Daniel et al.
1999), the increased Rh6 PRs might result from the sur-
vival of adjacent optic lobe primordium cells that failed
to die. We therefore expressed the apoptosis inhibitor
UAS-p35 in optic lobe primordium under the control of
so-Gal4. This leads to a high increase in the number of
Rh6 PRs to ∼20–25, whereas the number of Rh5 PRs
remains unchanged, similar to the loss of tll function
(Fig. 4F). This strongly supports the notion that EGFR
signaling is required in cells surrounding the primary
precursors to prevent their apoptosis induced by tll, and
therefore allow their development as Rh6 PRs. In addi-

Figure 2. wts and melt are not involved in Rh5- and Rh6-subtype specification. High-magnification images of third instar mutant
larva BO of melt (A), wts (B), so-Gal4/UAS-melt (C), and so-Gal4/UAS-wts (D) labeled with anti-Rh5 (green, arrow), anti-Rh6 (red), and
anti-Elav (blue). (A–D) melt and wts mutants, as well as so-Gal4/UAS-wts and so-Gal4/UAS-melt, display an expression of Rh5 and
Rh6 PRs comparable with wild-type larvae. (E) Comparison of the total number of PRs (black bar) and Rh6 (white bar) and Rh5 (red
bar) PRs in wild-type (wt), melt LOF, wts LOF, melt GOF, and wats GOF larval eyes (error bars, SD). The number of total PRs and Rh5
and Rh6 PRs in all conditions are comparable with wild type.

Larval PR-subtype specification

GENES & DEVELOPMENT 2185



tion to its survival function, EGFR signaling might also
be required for the acquisition of the Rh6 cell fate. To
approach this question, we concomitantly misexpressed
UAS-p35 and UAS-EGFRdn under the control of so-Gal4.
This leads to a strong increase in the number of Rh6 PRs,
to ∼20–25 without affecting the number of Rh5 PRs (Fig.
4G), similar to the misexpression of UAS-p35 alone.
Thus EGFR signaling appears to be essential for the
survival of the Rh6 subtype. However the immature pre-
cursors do not seem to depend on EGFR signaling for
adapting the Rh6 cell fate. It is also possible that activity
remaining in the EGFRdn context is able to induce the
Rh6 fate while higher EGFR activity is required for sur-
vival.

Sal and Svp are expressed in distinct PR subtypes

In order to analyze the development, specification, and
differentiation of the two subtypes of larval PRs, we

looked for genes expressed in either the Rh5 or the Rh6
subtype. Among the genes required for adult PR devel-
opment, pros and ss are key players in inner PR specifi-
cation. However, we could not detect expression of Pros
or Ss in developing BO PRs at any point during embryo-
genesis (data not shown). However, sal and svp are ex-
pressed in a subtype-specific fashion in the larval eye.
During embryonic development, three or four immature
PRs express sal (Fig. 5A,B; comparable results were ob-
tained using sal-Gal4 or anti-Salm antibody; data not
shown). sal expression starts during stage 13/14 and is
maintained throughout embryogenesis and larval life. Its
expression coincides precisely with rh5 (Fig. 5C) and is
excluded from the Rh6 subtype (Fig. 5D). svp shows the
opposite expression pattern: Its expression is initiated
during stage 13/14 and is maintained throughout em-
bryogenesis and larval life in the Rh6 subtype, whereas it
is excluded from the Rh5 subtype (Fig. 5E–H) (compa-
rable results were obtained using svp-Gal4, svp-LacZ, or

Figure 3. Function of EGFR signaling in
Rh6 PR development. (A) High-magnifica-
tion image of stage 15 wild-type embryonic
BO labeled with anti-FasII (green) and anti-
Kr (red). (B) High-magnification image of
stage 15 so-Gal4 > UAS-EGFRdn embryonic
BO labeled with anti-FasII (green) and anti-
Kr (red). Only three Kr-expressing imma-
ture PRs are found (arrows) as compared
with 12 in the wild type (shown in A). (C)
High-magnification image of third instar
larva wild-type BO labeled with anti-Rh5
(green), anti-Rh6 (red), and anti-Elav (blue).
A total of 12 PRs are observed: Eight are
stained by anti-Rh6 antibody, and four are
stained with anti-Rh5 antibody. (D) High-
magnification image of third instar larva
so-Gal4 > UAS-EGFRdn BO labeled with
anti-Rh5 (green), anti-Rh6 (red), and anti-
Elav (blue). Only three Rh5-expressing cells
are found (arrows). (E) High-magnification
image of third instar larva wild-type BO la-
beled with anti-Chp (green, 24B10), anti-Sal
(red), and anti-Elav (blue). (F) High-magni-
fication image of third instar larva so-
Gal4,UAS-EGFRdn BO labeled with anti-
Chp (green, 24B10), anti-Sal (red), and anti-
Elav (blue). All four PRs found express Sal.
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anti-Svp antibody; data not shown). Thus sal and svp are
expressed in complementary subsets of larval PR sub-
types. The expression of both transcription factors pre-
cedes rhodopsin expression.

spalt is required for rh5 expression in larval PRs

The sal genes encode two zinc finger transcription fac-
tors that are specifically expressed in adult inner PRs R7

and R8, where they are required to distinguish them
from outer PRs (Mollereau et al. 2001). Since sal is ex-
clusively expressed in the Rh5 subtype, prior to rh5 ex-
pression, we tested whether it is required for the devel-
opment of this subtype. We thus analyzed the expression
of Rh5 and Rh6 in sal mutants at the end of embryogen-
esis, when these mutants die. No expression of Rh5 can
be detected in sal mutants, even though the correct

Figure 4. Function of EGFR, tll, and apoptosis in Rh6-
subtype development. (A) High-magnification image of
stage 15 wild-type embryonic BO labeled with anti-FasII
(green) and anti-Elav (red). (B) High-magnification image
of stage 15 tll mutant embryonic BO labeled with anti-
FasII (green) and anti-Elav (red). The number of imma-
ture PRs is increased to ∼20–25. (C) High-magnification
image of stage 17 wild-type BO labeled with anti-Rh5
(green), anti-Rh6 (red), and anti-Elav (blue). (Inset) Three-
dimensional reconstruction of the BO PRs. A total of 12
PRs are observed: Eight are stained by anti-Rh6 antibody,
and four are stained with anti-Rh5 antibody. (D) High-
magnification image of stage 17 tll mutant BO labeled
with anti-Rh5 (green), anti-Rh6 (red), and anti-Elav
(blue). (Inset) Three-dimensional reconstruction of the
BO PRs. The number of Rh6 PRs is increased to ∼20–25;
the number of Rh5 PRs remains unchanged. (E) High-
magnification image of third instar larva wild-type BO
labeled with anti-Rh5 (green), anti-Rh6 (red), and anti-
Elav (blue). (F) High-magnification image of third instar
larva so-Gal4,UAS-p35 BO labeled with anti-Rh5 (green),
anti-Rh6 (red), and anti-Elav (blue). The number of Rh6
PRs is largely increased to 20–25. (G) High-magnification
image of third instar larva so-Gal4,UAS-p35, UAS-
EGFRdn BO labeled with anti-Rh5 (green), anti-Rh6 (red),
and anti-Elav (blue). The number of Rh6 PRs is largely
increased. The number of Rh6 PRs is increased to ∼20–
25; the number of Rh5 PRs remains unchanged.
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number of Rh6-expressing cells is produced (Fig. 6C).
However, the general PR markers Elav, FasII, Kr, and
Chp remain expressed in all PRs, suggesting that four
PRs express neither Rh5 nor Rh6 (Fig. 6C; data not
shown). Since rh1, rh3, and rh4 expression cannot be
detected, these four PRs appear to be “empty” and de-
void of PR molecules (data not shown). PRs of the larval
eye project into the region of the dendritic arborizations
of the larval pacemaker neurons. Axon termini of Rh5
and Rh6 PRs are generally directly adjacent to each other
(Mazzoni et al. 2005). In sal mutants, all larval PRs
project into the correct target region of the late embry-
onic brain (Fig. 6G). We compared the projection termini
of empty PRs with those of Rh6 PRs (“empty” PR ter-
mini are identified by FasII staining and the absence of
Rh6 staining). At embryonic stage 17 (just before these
mutants die), axonal termini of “empty” PRs project cor-
rectly to the target region, adjacent to Rh6 termini (Fig.
6H,I). Therefore sal is essential in the larval eye for the

proper differentiation of the Rh5 PRs but not for their
early specification or for axonal targeting.

seven-up is required for Rh6-subtype specification
and to repress Rh5-subtype fate

In the adult eye, the orphan nuclear receptor svp is re-
quired posterior to the morphogenetic furrow for the
specification of the R3/R4 and R1/R6 pairs, but not for
their later differentiation (Mlodzik et al. 1990). In the
larval eye, svp is exclusively expressed in Rh6 PRs prior
to rh6 expression, suggesting that it might be involved in
the development of this subtype. We analyzed the ex-
pression of Rh5 and Rh6 in svp mutant embryos at stage
17 (as for sal, svp mutants die at the end of embryogen-
esis). While the total number of PRs (as marked by Elav,
FasII, Kr, and Chp) remains unchanged (Fig. 6B,E) in svp
mutants, all PRs express Rh5 (Fig. 6B) and no Rh6 ex-
pression is detectable. Therefore, Rh6 cells appear to

Figure 5. Expression of sal and svp in the developing and mature larval PRs. (A) Dorsal view of a sal-Gal4,UAS-H2B-YFP stage 15
embryonic head labeled with anti-GFP (green), anti-FasII (red), and anti-Elav (blue), and GFP expression in BO (arrow). (B) High-
magnification image of the BO in A. Four cells are labeled by anti-GFP staining (arrow). (C) High-magnification image of BO in third
instar larva sal-Gal4,UAS-H2B-YFP, labeled with anti-GFP (red), anti-Rh5 (green), and anti-Elav (blue). Anti-GFP labeling coincides
with anti-Rh5 staining (arrow). (D) High-magnification image of BO in third instar larva sal-Gal4,UAS-H2B-YFP, labeled with anti-GFP
(green), anti-Rh6 (red), and anti-Elav (blue). Anti-GFP labeling is excluded from anti-Rh6 staining (arrows). (E) Dorsal view of a svp-lacZ
stage 15 embryonic head labeled with anti-FasII (green) and anti-�Gal (red) expression in BO (arrows). (F,F�) High-magnification image
of the BO in E; individual optical sections show four cells are devoid of anti-�Gal staining (arrows). (G) High-magnification image of
BO in third instar larva svp-Gal4,UAS-H2B-YFP, labeled with anti-GFP (red), anti-Rh5 (green), and anti-Elav (blue). Anti-GFP labeling
is excluded from anti-Rh5 staining (arrows). (H) High-magnification image of BO in third instar larva svp-Gal4,UAS-H2B-YFP, labeled
with anti-GFP (green), anti-Rh6 (red), and anti-Elav (blue). Anti-GFP labeling coincides with anti-Rh6 staining, and is excluded for the
remaining four PRs (arrows).
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have switched fate toward the Rh5 fate. Consistent with
the transformation of PRs into Rh5 subtype, all PRs ex-
press sal in svp mutants (Fig. 6E). This suggests that svp
is necessary for the repression of sal in the Rh6 subtype,
thus allowing expression of rh6. To test whether svp is
sufficient for the Rh6 PR fate, we performed gain-of-
function experiments using early (so-Gal4) or later sev-
enless-Gal4 (sev-Gal4) drivers. The sev-Gal4 driver starts
to be expressed in all larval PRs during late embryonic
stages 12/13, just after all immature PRs have formed. It
remains expressed through larval life (Supplementary
Fig. 1B,D; data not shown). In larvae that express UAS-
svp under the control of so-Gal4, no Rh5 expression can
be detected, while all BO PRs express rh6 with no change
in the overall number of PRs (Fig. 6F). However, if sal
expression is affected, it is not completely abolished,
with one to three PRs still weakly expressing Sal (data
not shown), arguing that Rh6 is now expressed in the
Rh5 subtype. Later expression of UAS-svp under the con-

trol of sev-Gal4 does not result in alteration of Rh ex-
pression (data not shown). Thus, svp not only acts to
repress sal in the Rh6 subtype, but it also acts as an
activator of Rh6 expression since Sal and Rh6 can coexist
in the same cell. In contrast ectopic expression of UAS-
salm under the control of so-Gal4 or of sev-Gal4 leads to
no change of Rh5 or Rh6 expression. Expression of Svp
remains unaffected, with about eight cells still express-
ing Svp (data not shown). Thus svp is necessary and suf-
ficient to induce the Rh6 fate. In contrast sal is necessary
but not sufficient for the Rh5 fate.

otd is required in the Rh5 subtype for rh5 expression
and rh6 repression

The homeodomain protein Otd is required in inner PRs
of the adult retina for the activation of rh3 and rh5 in p
ommatidia, whereas it is required in outer PRs to repress
rh6 (Tahayato et al. 2003). In the adult retina, otd is

Figure 6. Function of sal and svp in Rh5-
and Rh6-subtype specification. (A) High-
magnification image of stage 17 wild-type
BO labeled with anti-Rh5 (green), anti-Rh6
(red), and anti-Elav (blue). (Inset) Three-di-
mensional reconstruction of the BO PRs.
(B) High-magnification image of stage 17
svp mutant BO labeled with anti-Rh5
(green), anti-Rh6 (red), and anti-Elav (blue).
A total of 12 PRs are found, all expressing
Rh5. (Inset) Three-dimensional reconstruc-
tion of the BO PRs. (C) High-magnification
image of stage 17 sal mutant BO labeled
with anti-Rh5 (green), anti-Rh6 (red), and
anti-Elav (blue). A total of 12 PRs are de-
tected: Eight express Rh6, whereas four are
devoid of anti-Rh5 or anti-Rh6 staining. (D)
High-magnification image of stage 17 wild-
type BO labeled with anti-Chp (green),
anti-Sal (red), and anti-Elav (blue). Four
cells express Sal (arrow). (E) High-magnifi-
cation image of stage 17 svp mutant BO
labeled with anti-Chp (green), anti-Sal
(red), and anti-Elav (blue). All PRs express
Sal (arrow). (F) High-magnification image
of third instar larva so-Gal4,UAS-svp BO
labeled with anti-Rh5 (green), anti-Rh6
(red), and anti-Elav (blue). All PRs are la-
beled by anti-Rh6; no anti-Rh5 staining is
detected. (G) Axonal projections of larval
PRs in sal mutant stage 17 embryos labeled
with anti-FasII (green) and anti-Rh6 (red).
Axonal terminations are properly formed
(arrow). (H,I) High-magnification image of
termini of larval PRs in sal mutant labeled
with anti-FasII (green) and anti-Rh6 (red).
Projections of “empty” PRs are devoid of
Rh6 expression but labeled with the gen-
eral marker FasII (cf. arrows in H,I).
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expressed in all PRs. Similarly, otd is expressed in all
embryonic immature PRs, and this expression is main-
tained during larval life. During early development, otd
acts as a major component for patterning the anterior
region of the embryo (Cohen and Jurgens 1990). During
stages 8/9, otd expression spans the entire cephalic re-
gion (Fig. 7A) and becomes subsequently restricted to
more anterior regions and regions giving rise to the brain.
However otd expression is excluded from large parts of
the optic lobe primordium as well as from the region
giving rise to larval PRs (Fig. 7B). Starting at stage 12,
however, otd expression is reinitiated in the ventral lat-
eral part of the optic lobe primordium, the region that
will give rise to the precursors of larval PRs. otd remains
expressed in all PRs throughout embryogenesis and lar-
val life (Fig. 7C–F). otd is not required for the formation
of larval PRs (nor the larval optic lobe primordium): Even
though otd-null mutant embryos show severe head in-
volution defects, the normal number of immature PRs is
formed (data not shown). To investigate whether otd is
involved in larval PR-subtype specification, we analyzed
Rh5 and Rh6 expression in viable otduvi mutants (Van-
dendries et al. 1996). In otduvi, larval PRs do not express
Rh5 while the total number of PRs remains the same

(Fig. 7G,H) and all PRs express Rh6 (Fig. 7G). About four
cells still express sal, but these cells now express Rh6
instead of Rh5 (Fig. 7H). Interestingly, the number of
Svp-expressing cells is not altered, with four Svp-nega-
tive PRs expressing Rh6 (data not shown). This indicates
that, in the Rh5 subtype, otd acts as an inhibitor of rh6
expression and is required for Rh5 expression. As expres-
sion of otd is unaltered in sal mutants (data not shown),
otd, like sal, seems to be necessary but not sufficient for
Rh5 expression. otd and sal expression does not depend
on each other, and since they are both required for Rh5
expression, they appear to act in parallel pathways.

Discussion

In this study, we describe the genetic mechanisms un-
derlying the specification of BO PR subtypes. The larval
eye consists of two distinct PR subtypes, three to four
PRs containing blue-sensitive Rh5 and eight to 10 con-
taining green-sensitive Rh6. Primary precursors, which
give rise to the Rh5-subtype PRs, signal to the surround-
ing tissue to develop as secondary precursors, which be-
come the Rh6 subtype. EGFR signaling is required for
the survival of these secondary precursors. The combi-

Figure 7. Expression and function of otd in developing and mature larval PRs. (A) Lateral view of a stage 7 embryo (procephalic region)
stained with anti-Nrt (green) and anti-Otd (red); the region giving rise to the optic lobe anlage and larval PRs expresses Otd (arrow). (B)
Lateral view of a so-Gal4/UAS-H2B-YFP stage 10 embryonic head region stained with anti-GFP (green) and anti-Otd (red); the region
giving rise to larval PRS (ventral/lateral tip) is devoid of Otd expression. (C) Dorsal view of a wild-type stage 15 embryonic head labeled
with anti-FasII (green), anti-Otd (red), and anti-Otd staining in BO, indicated by arrows. (C�) High-magnification image of C. All
immature PRs are labeled by anti-Otd staining. (D) High-magnification image of embryonic stage 15 otd-Gal4/UAS-CD8�GFP BO
labeled with anti-FasII (green) and anti-GFP (red). All immature PRs are labeled by anti-GFP staining. (E) High-magnification image of
third instar larva otd-Gal4/UAS-CD8�GFP BO labeled with anti-GFP (blue) and anti-Rh6 (red). (F) High-magnification image of third
instar larva otd-Gal4/UAS-CD8�GFP BO labeled with anti-GFP (blue) and anti-Rh5 (green). (G) High-magnification image of third
instar larva otdvui mutant BO labeled with anti-Rh6 (red) and anti-Elav (blue). All PRs are labeled by anti-Rh6 staining. (H) High-
magnification image of third instar larva otdvui mutant BO labeled with anti-Chp (green), anti-Sal (red), and anti-Elav (blue). Four PRs
are labeled by anti-Sal staining.
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natorial action of the three transcription factors Sal, Svp,
and Otd then orchestrates the differentiation of the two
PR subtypes. Interestingly, even though larval PRs and
the adult R8 have the same rhodopsin content, the
mechanisms to establish their fates are remarkably dif-
ferent.

Initial specification of PR cell fates

Specification of adult PRs starts with the proliferation of
undifferentiated cells anterior to the morphogenetic fur-
row and the recruitment of individual PRs into omma-
tidia posterior to the morphogenetic furrow in a tightly
regulated spatiotemporal manner. R8 is first specified by
ato and does not depend on EGFR signaling (Jarman et al.
1994; Freeman 1996). Sequential recruitment of all other
PRs (R2/5, R3/4, R1/6, and then R7) is dependent on
EGFR signaling (Freeman 1996; Raabe 2000; Nagaraj and
Banerjee 2004). Similarly, in the larval eye, primary pre-
cursors express ato and are independent of EGFR signal-
ing while secondary precursors need EGFR signaling for
their development. Primary precursors develop into the
Rh5 subtype while the Rh6-subtype identity corresponds
to secondary precursors.

Promoting and repressing the Rh6 subtype

During larval PR development, EGFR signaling is re-
quired for the Rh6 but not the Rh5 subtype. tll inhibits
this process by preventing the adjacent optic lobe pri-
mordium from responding to EGFR signaling (Daniel et
al. 1999; Dumstrei et al. 2002; Chang et al. 2003a). How-
ever, expression of tll is not negatively regulated by
EGFR signaling (Daniel et al. 1999; Dumstrei et al. 2002;
Chang et al. 2003a). Blocking apoptosis or removing tll
function both result in supernumerary Rh6 cells, indi-
cating that cells that should have died in response to tll
function become Rh6 PRs (Fig. 8A). Secondary precur-
sors do not appear to require maintenance of EGFR sig-

naling to survive. During later developmental stages, all
immature PRs express sevenless, another gene encoding
a Receptor Tyrosine Kinase as well as its ligand, Boss
(S.G. Specher and C. Desplan, unpubl.), which could act
redundantly with EGFR later in development. However,
we see no effect of mutating boss or sev, either on larval
PR number or on Rh5/Rh6 expression (S.G. Specher and
C. Desplan, unpubl.). It could be that late EGFR activity
compensates for the loss of Sev activity, comparable
with the adult R7 cells, where EGFR is sufficient to re-
place Sev (Freeman 1996).

What is the function of the EGFR pathway in antago-
nizing tll function? The Ets transcription factors yan and
pnt are both expressed during the period of secondary
precursor specification. In response to EGFR signaling,
Yan acts as a repressor and Pnt as an activator. Their
tightly controlled activation, cross-regulation, and com-
petition for binding sites are essential for appropriate
EGFR signaling. It is difficult, however, to test their
function in BO PR formation, as mutants die with strong
patterning defects in the embryo. We could test the func-
tion of EGFR because we were able to inhibit its function
late, specifically in the optic lobe region, by misexpress-
ing a dominant-negative form of EGFR. This likely in-
hibits but might not completely abolish endogenous
EGFR signaling. Thus, even though concomitantly pre-
venting cell death and EGFR signaling restores Rh6 PRs,
it is possible that basal levels of EGFR signaling are suf-
ficient for the specification of Rh6 PR specification, but
not for survival. The mechanism by which tll affects
secondary precursor development remains elusive. tll
might prevent cells from developing as secondary pre-
cursors, leading them to undergo apoptosis. Only cells
that receive enough EGFR signal near primary PR pre-
cursors are rescued. Alternatively a second signal could
make tll-expressing cells undergo apoptosis. Notch and
hedgehog signaling have also been shown to be involved
the development of larval PRs and may provide an al-
ternative source for proper subtype specification and

Figure 8. Proposed model for develop-
ment and the specification of rhodopsin
fates in the larval eye and comparison with
the adult R8. (A) Primary precursors (1°,
blue) express the TGF� homolog spi, which
is required in secondary precursor cells (2°,
green) for their survival. tll acts in the sur-
rounding tissue to inhibit secondary pre-
cursor development. Primary precursors
give rise to the Rh5 PR subtype, whereas
secondary precursors give rise to the Rh6
PR subtype. In the Rh5 PR subtype, sal and
otd are required for Rh5 expression, and otd
further for the repression of Rh6. In the Rh6
subtype, svp is required for Rh6 expression
and for the repression of sal expression. (B)
The negative feedback loop of wts and melt

mediates the decision of R8 to express Rh6 or Rh5. Which way the loop swings depends on an instructive signal of the overlying R7
cell. The presence of gene expression is indicated by black type and its absence is indicated with gray type. Arrows shown in black (for
activation) and red (for repression) indicate an active interaction; gray arrows indicate the absence of this interaction.
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survival of secondary precursors (Green et al. 1993;
Schmucker et al. 1994; Suzuki and Saigo 2000).

Network of transcription factors for PR-subtype
specification

During larval eye development, sal is only required for
the expression of Rh5 but not for the specification of
Rh5-subtype fate. First, ectopic activation of Sal is not
sufficient to induce Rh5 expression. Further, sal is still
expressed in cells that have adopted the Rh6 subtype due
to ectopic svp expression. In contrast, svp is required and
sufficient for the Rh6 subtype where it represses the
Rh5-subtype fate. Interestingly, svp is not only required
for the repression of sal, but is also necessary for Rh6
expression (Fig. 8A). In the adult retina, svp is necessary
for the specification of the R3/R4 and R1/R6 pairs
(Mlodzik et al. 1990; Domingos et al. 2004a,b) where it is
also required for the repression of sal: R3/R4 are trans-
formed into R7 cells in svp mutants (Domingos et al.
2004b). However, the upstream mechanisms by which
the expression of sal and svp is controlled in larval PRs
remains elusive. There may be an unknown signal from
primary precursors that induces secondary precursors by
controlling svp expression. This signal is probably not
EGFR, since EGFRdn secondary cells that are rescued
from death by p35 still express svp.

In the adult retina otd is required for the expression of
rh3 and rh5 and for the repression of Rh6 in outer PRs. In
the larval eye, is also expressed in all PRs, but it is not
required for the formation of larval PRs. During their
terminal differentiation, otd is required, only in the Rh5
subtype, for Rh5 expression and Rh6 repression (Fig. 8A).
Since otd only functions in the context of sal expression,
it acts as a permissive factor for Rh regulation. It seems
likely that otd and sal act in parallel in the Rh5 subtype:
Otd expression is not altered in sal mutants and Sal ex-
pression is not altered in otd mutants. Further, Otd,
which binds directly to the rh3, rh5, and rh6 enhancers
in the adult eye, likely acts in a similar fashion in larval
PRs (Tahayato et al. 2003).

Specification of PR subtypes: comparison between
larval and adult eyes

There are interesting similarities and differences be-
tween PR-subtype specification in the larval and adult
eyes. Most strikingly, the two Rhs expressed in the larval
eye are R8 Rhs. The type of Rh expressed in R8 is in-
structed by R7 and maintained by the wts/melt bistable
loop (Fig. 8B). In contrast, in the larva, there are no ad-
ditional PRs in BO to instruct the Rh5 and Rh6 PR fate
and the expression of these genes does not depend on wts
and melt. Since misexpression of wts or melt does not
affect larval PRs, the downstream effectors of the loop
must be absent or not functioning in the larval eye. Rh5
PRs, which are specified first, might be a source of an
instructive signal for the Rh6-subtype fate. Alterna-
tively, this signal might arise from non-BO cells. How-

ever, we have not yet been able to determine its identity.
Finally, larval PRs are not specified or distributed sto-
chastically in BO, as the two groups that express Rhr or
Rh6 are physically distinct, presumably explaining why
there is not need for the bistable loop of wts and melt.
Therefore, even though the Rh fates of larval PRs and
adult R8 are identical, they achieve their fates through
very distinct mechanisms.

Larval PR development: similarities to chordotonal
organ development

Primary sensory precursors also induce secondary pre-
cursors in the development of the peripheral nervous
system, in chordotonal and external sensory organs. Af-
ter the delamination of chordotonal or sensory organ pre-
cursors (SOP), these cells signal to the overlaying ecto-
derm to induce delamination of secondary precursors
(Okabe and Okano 1997; zur Lage and Jarman 1999; zur
Lage et al. 2004). EGFR signaling is essential for the sur-
vival of BO secondary precursors, whereas in SOPs, it
induces the delamination of secondary precursors. sal is
also required to adopt the proper final cell fate both in
larval PR precursors (Rh5 vs. Rh6) and embryonic SOPs
(nonneuronal oenocytes vs. sensory neurons) (Elstob et
al. 2001). However, oenocyte specification completely
depends on sal, whereas larval eye primary precursors
only require sal for Rh5 expression (Elstob et al. 2001).
Thus, the two systems use EGFR signaling and Sal dif-
ferently.

Larval PR precursors do not further divide, while SOPs
later undergo asymmetric cell division to produce two
nonidentical daughter cells. This may be due to the fact
that BO only contain two different subtypes, whose iden-
tity correlate with primary or secondary precursors. Fur-
ther, larval PR precursors develop in a group of adjacent
cells as part of a placode. Thus, classical SOP specifica-
tion using Notch signaling and lateral inhibition does
not seem to occur to specify PR precursors. It will of
great interest to further investigate the similarities and
differences in the molecular mechanisms underlying the
development of these sensory organs and how they are
controlled.

Materials and methods

Drosophila strains and genetics

For wild-type comparison we used yw122; yw122, sp/CyO, TM2/
TM6b; or heterozygous siblings of mutant alleles. For sal mu-
tant analysis, the sal16 and a small Deficiency—Df(2L)32FP-5,
which removes salm and salr—were used, balanced over CyO,
Dfd-YFP; both fly strains gave comparable results (Kuhnlein et
al. 1994; Elstob et al. 2001). For svp mutant analysis, the svpE22

was used, balanced over TM6b, Dfd-YFP (Mlodzik et al. 1990).
For tll mutant analysis, the tll1 and tll149 were used, balanced
over TM6b, Dfd-YFP. For sal, tll, and svp, homozygous mutants
were identified by the absence of Dfd-YFP (Bloomington Stock
Center). We used the viable otduvi allele (Vandendries et al.
1996). The following fly strains were used: so-Gal4 (Chang et al.
2003b), sev-Gal4 (Therrien et al. 1999), otd-Gal4 (T. Cook, pers.
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comm.), ato-Gal4 (Hassan et al. 2000), svpH162-LacZ (Elstob et
al. 2001), svp724-Gal4 (Kyoto Stock Center; kindly provided by J.
Urban), sal-Gal4 (Mollereau et al. 2000), UAS-EGFRdn (O’Keefe
et al. 1997), wtsP1, meltD1, melt-LacZ, wts-Gal4, UAS-melt,
UAS-lats (Mikeladze-Dvali et al. 2005b), UAS-H2B�YFP (anti-
GFP antibody/Biogenesis recognizes the YFP antigen), r (Bel-
laiche et al. 2001), UAS-salm (Kuhnlein and Schuh 1996), UAS-
svp (Kramer et al. 1995), UAS-CD8GFP, UAS-p35, UAS-pntP1,
and UAS-yan (Bloomington). Embryos were staged according to
Campos-Ortega and Hartenstein (1997).

Immunohistochemistry and preparation of embryonic
and larval specimen

Embryos were dechorionated, fixed, and immunostained ac-
cording to previously published protocols (Therianos et al.
1995). Primary antibodies were rabbit anti-Rh6 1:10,000
(Tahayato et al. 2003), mouse anti-Rh5 1:20, anti-Rh3 1:20, or
anti-Rh4 1:20 (Chou et al. 1996), mouse anti-Nrt 1:10 (Devel-
opmental Studies Hybridoma Bank [DSHB]), mouse anti-Rh1
1:20 (DSHB), mouse anti-FasII 1:10 (Lin and Goodman 1994), rat
anti-Elav 1:30 (DSHB), goat anti-Ato 1:1000 (Jarman et al. 1993),
sheep anti-GFP (Biogenesis), rabbit anti-Sal 1:200 (Kuhnlein et
al. 1994), mouse anti-Svp 1:1000 (Kanai et al. 2005), mouse anti-
Pros 1:50 (DSHB), mouse anti-Chp 1:10 (DSHB), rat anti-Otd
1:200 (Hirth et al. 2003), rat anti-Kr 1:300 (Kosman et al. 1998),
rab anti-PntP1 (Alvarez et al. 2003), anti-Yan (Rebay and Rubin
1995), guinea pig anti-Ss 1:500 (Kim et al. 2006), and mouse
anti-�GAL 1:20 (DSHB). Secondary antibodies used for confocal
microscopic analysis were Alexa-488, Alexa-555, and Alexa-647
antibodies generated in goat (Molecular probes), all at 1:300–
1:500 dilution. Embryos were mounted in Vectashield H-1000
(Vector). For the analysis of the larval BO, the head skeleton was
separated from epidermis, imaginal discs, and brain and fixed for
15 min in 4% formaldehyde/PBS. The chitinous head skeleton
was then carefully opened on the dorsal and ventral midline
using sharpened minutien pins (0.1-mm diameter, Fisher Scien-
tific Tools).

Laser confocal microscopy and image processing

For laser confocal microscopy, a Leica TCS SP was used. Optical
sections ranged from 0.2 to 1.5 µm, recorded in line average
mode with a picture size of 512 × 512 pixels or 1024 × 1024
pixels. Captured images from optical sections were arranged and
processed using Leica confocal Software (LCS). Complete series
of optical sections were imported and processed using ImageJ.
Generation of three-dimensional digital models and raw tiff
stacks (stacks of optical sections) were done using AMIRA (Mer-
cury Computer Systems) as previously described (Sprecher et al.
2006).
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