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Abstract
Cell fate determination in many systems is based upon inductive events driven by cell-cell
interactions. Inductive signaling regulates many aspects of Drosophila compound eye development.
Accumulating evidence suggests that the color sensitivity of the R8 photoreceptor cell within an
individual ommatidium is regulated by an inductive signal from the adjacent R7 photoreceptor cell.
This signal is thought to control an induced versus default cell-fate switch that coordinates the visual
pigment expression and color sensitivities of adjacent R7 and R8 photoreceptor cells. Here we
describe a disruption in R7 and R8 cell patterning in Scutoid mutants that is due to inappropriate
signals from Rh4-expressing R7 cells inducing Rh5 expression in adjacent R8 cells. This dominant
phenotype results from the misexpression of the transcriptional repressor snail, which with the co-
repressor C-terminal-Binding-Protein represses rhomboid expression in the developing eye. We
show that loss of rhomboid suppresses the Scutoid phenotype. However in contrast to the loss of
rhomboid alone, which entirely blocks the normal inductive signal from the R7 to the R8
photoreceptor cell, Scutoid rhomboid double mutants display normal Rh5 and Rh6 expression. Our
detailed analysis of this unusual dominant gain-of-function neomorphic phenotype suggests that the
induction of Rh5 expression in Scutoid mutants is partially rhomboid independent.
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Introduction
The compound eye of Drosophila melanogaster is a highly ordered structure composed of
~750 ommatidia, each containing eight photoreceptor cells (R1–R8).1,2 As in other organisms
that are capable of color vision, different photoreceptor cells in the fly retina are sensitive to
different colors of light (Fig. 1). The R1–R6 photoreceptor cells express the blue absorbing
visual pigment Rhodopsin 1 (Rh1) encoded by the ninaE gene.3–5 The R7 and R8 cells within
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an individual ommatidium express visual pigments in a precisely paired manner (Fig. 1B–D).
The two major types of ommatidia are referred to as yellow and pale, based on their appearance
under blue illumination.6,7 Yellow ommatidia contain UV sensitive Rh4-expressing R7yellow
(R7y) cells and green sensitive Rh6-expressing R8yellow (R8y) cells and occupy ~65% of the
eye (Fig. 1B).8–11 Pale ommatidia contain UV sensitive Rh3-expressing R7pale (R7p) cells
and blue sensitive Rh5-expressing R8pale (R8p) cells and occupy ~35% of the eye (Fig. 1C)).
8,11–13 The organization of the R7y and R7p cells is statistically random,14 consistent with the
idea that the R7y versus R7p cell fate is determined by a stochastic process that requires the
gene spineless.15 A third class of ommatidia along the dorsal rim (DR) is thought to be
polarization sensitive and express Rh3 in both the R7 and R8 cells (Fig. 1D). DR ommatidia
are specified by wingless, the iroquois genes, and homothorax.16–18 All of these patterning
events are likely to take place during the period of late larval through pupal development prior
to the onset of opsin gene expression.19

Our knowledge of the molecular basis for the specification of R7 and R8 pairs in yellow and
pale ommatidia is incomplete. However there is genetic evidence that the R8 cell fate in an
individual ommatidium is established by a switch between induced (Rh5, blue sensitive) versus
default fates (Rh6, green sensitive) (Fig. 1B and C, respectively). This induced versus default
switch is dependent on the phenotype of the adjacent R7 cell.10,13,20 A presumptive signal
from R7 to R8 is thought to regulate the genes melted and warts that are required for proper
Rh5 and Rh6 expression.21 Here we show that heterozygous Scutoid (nocSco/+) mutants have
a very specific defect in the coordination of the R7 and R8 photoreceptor cell subtypes in an
individual ommatidium, that appears to result from the inappropriate induction of Rh5
expression in R8 cells adjacent to Rh4-expressing R7 cells.

The dominant mutation Scutoid was first described by Krivshenko in 195922 and identified in
a female offspring of X-irradiated females. The mutation causes the loss of scutellar bristles,
and the ocellar and humeral bristles are often lost as well. The mutation has high expressivity
and is located on the second chromosome between black and purple.22,23 Subsequent studies
suggested that the mutation is due to a pair of reciprocal translocations and the fusion of the
no-ocelli (noc) and snail (sna) genes.24,25 This was confirmed in molecular analyses,26 and
sna was later shown to be ectopically expressed in the developing notum of nocSco/+ animals,
and the nocSco/+ phenotype could be mimicked by such expression.27

sna is required for numerous aspects of development and differentiation such as mesoderm
formation, CNS development, cell migration and apoptosis and has been implicated in the
biology of cancer.28 Molecular analysis has shown that the sna protein contains five zinc fingers
(all C2H2) and functions as a DNA-binding transcriptional regulator.28–31 sna is a short-range
repressor, which operates over distances of less than 100 base pairs to quench upstream
activators or the core transcription complex,32 and these effects are mediated by the interaction
of sna with other transcriptional regulators. Similar to the well-characterized short-range
repressor knirps, sna binds to the Drosophila C-terminal Binding Protein (CtBP) via conserved
P-DLS-K and P-DLS-R motifs.32

During the early blastoderm stage of embryogenesis, sna acts to restrict neurectoderm and
neural fates in the invaginating mesoderm (Fig. 5C). sna expression at this stage is regulated
by Dorsal. sna is normally expressed in ventral regions where it helps to establish the limit of
the presumptive mesoderm by repressing target genes such as single-minded (sim), ventral
nervous system defective (vnd), short gastrulation (sog) and rhomboid (rho).33–35 sna
repression of these target genes is dependent upon its interaction with the CtBP co-repressor.

Here we show that nocSco/+ mutants ectopically express sna in the developing eye imaginal
disc, and that the disruption of photoreceptor cell patterning caused by nocSco/+ is dependent
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upon the presence of the CtBP co-repressor in the eye. This suggested that sna and CtBP may
repress transcription of specific target genes in nocSco/+ mutants and that this could be the
basis for the disruption in photoreceptor cell patterning. Interestingly, we show that the
expression of rhomboid (rho), a component of the Epidermal Growth Factor Receptor
(EGFR) pathway, is disrupted in nocSco/+ mutant flies and that loss of rho can suppress the
nocSco/+ retinal patterning phenotype. These findings led us to determine that rho is required
for the induction of Rh5 expression in R8 cells.36 These results, obtained from a historically
important dominant gain of function mutant (nocSco), have revealed an unexpected function
for rho in specifying R8 photoreceptor cell fate.

Results
Scutoid disrupts retinal patterning through inappropriate signaling

To identify genes that regulate the differentiation of Rh5- and Rh6-expressing R8
photoreceptor cells and establish R7/R8 cell adjacency (Fig. 1B and C), we examined the
coordination of opsin gene expression in existing mutants having other defects in eye
morphology. We found that animals heterozygous for the Scutoid mutation (nocSco/+) have
very specific defects in both photoreceptor cell organization and R7/R8 photoreceptor cell
subtype specification. Wild type Canton-S (CS) eyes have regularly spaced ommatidia with
mechanosensory bristles located in alternating ommatidial junctions (Fig. 2A and B). However,
as noted previously, nocSco/+ ommatidia are misshapen and ommatidial junctions often lack
bristles or contain double bristles (Fig. 2E and F).27 Here we show for the first time that in
contrast to CS (Fig. 2C and D), nocSco/+ eyes also contain ommatidia lacking one or more
outer photoreceptor cell rhabdomeres and central R7 and R8 rhabdomeres (Fig. 2G and H,
arrowheads). This likely reflects the loss of these photoreceptor cells, but could potentially
result from the failure to build or maintain the rhabdomere alone.

nocSco/+ mutants also show a profound disruption in R8 photoreceptor cell differentiation over
the majority of the eye, but not along the dorsal rim. nocSco/+ mutants display a dramatic
increase in the proportion of blue sensitive R8 cells that express Rh5, compared to a white eyed
control (white, w) (Fig. 3A and B and Table 1). This is accompanied by mispaired expression
of Rh4 and Rh5 in adjacent R7 and R8 cells (Fig. 3C and arrows), which suggests that R8 cells
in these ommatidia are inappropriately assuming the induced fate and expressing Rh5. There
are two different models that may explain the mutant phenotype observed (Fig. 3D). First, the
R8 cell may be responding to an inappropriate signal that induces the expression of Rh5.
Alternatively there may be a defect in the R8 cell, and it is unable to assume the default fate
in the absence of an inductive signal. To distinguish between these alternative models, we
examined sevenless (sev) mutant animals, which lack R7 cells. If the nocSco/+ phenotype is
due to an inappropriate signal from R7 cells, then Rh5 expression in sev; nocSco/+ double
mutants should be dramatically reduced. Alternatively, if the nocSco/+ phenotype is the result
of a defect in the R8 cell default pathway, then Rh5 expression should remain broadly
expressed. Interestingly, removal of R7 cells in nocSco/+ mutants results in a dramatic decrease
in Rh5 expression (Fig. 3F and Table 1), similar to the phenotype of sev mutants that lack a
source for the inductive signal (Fig. 3D and E). These findings suggest that the nocSco/+
phenotype results from a normally non-signaling Rh4-expressing R7 cell inappropriately
signaling to and inducing the adjacent R8 cell to express Rh5. One caveat to this result is that
not all of the R8 cells are reverted to the Rh6-expressing default fate. There are a small number
of R8 cells that continue to express Rh5, similar to that observed in sev mutants alone (Fig.
3E).10,13,20 Nonetheless, the degree of suppression of Rh5 expression in sev; nocSco/+ double
mutants is substantial and shows that a defect in the default pathway is clearly not the basis for
the nocSco/+ phenotype.
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To insure that the retinal patterning defect in nocSco/+ mutants was due to the nocSco/+ mutation
rather than some other mutation within the background of the strain, we generated a series of
recombinant chromosomes from nocSco and al1 dpov1 b1 pr1 c1 px1 sp1. In each case, we found
that animals heterozygous for the recombinant chromosome containing nocSco retained an
elevated percentage of Rh5-expressing R8 cells compared to controls (Table 1). In addition,
we examined the retinal patterning of a group of nocSco/+ revertants and found that in all but
one revertant (nocScorv8/+) the pattern of increased Rh5 expression was either dramatically
suppressed or restored to wild-type levels (Fig. 4 and Table 1). These results are consistent
with the idea that the molecular defect in the nocSco/+ mutation is the basis for the disruption
of rhodopsin expression observed in these animals.

Ectopically expressed snail in Scutoid mutants requires the co-repressor C-terminal binding
protein to disrupt R8 cell differentiation

nocSco results from a pair of reciprocal intrachromosomal transpositions affecting the second
chromosome in the region containing noc and sna (Fig. 4).26 Additionally, noc is expressed
weakly in the presumptive ocellar region of the eye-imaginal disc in WT animals and its
expression is unchanged in nocSco/+ mutants (data not shown). Although the loss of sna has
no affect on the induction of Rh5 expression (Table 1), the nocSco/+ mutation is known to
cause the sna gene to be ectopically expressed in the wing, and eye-antennal imaginal discs.
27 We confirmed that sna is not expressed in WT eye imaginal discs, but in the nocSco/+ mutant,
it is expressed posterior to the morphogenetic furrow (Fig. 5A and B). This suggests that ectopic
expression of sna is the basis for the retinal patterning defect, as is thought to be the case for
the bristle defects of the mutant.

As described in the Introduction, sna functions as a transcriptional repressor in combination
with the CtBP co-repressor.28–35 If ectopic sna expression is the basis for the disruption in
rhodopsin expression in the R7 and R8 photoreceptor cells, we predict that this may be mediated
by CtBP dependent repression of specific target genes. To test whether the disruption of blue
and green sensitive R8 cell differentiation in nocSco/+ is CtBP dependent, we used the FLP/
FRT system to generate homozygous CtBP mutant clones in WT and nocSco/+ mutant animals
by site-specific recombination.37,38 We used a FLP recombinase driven by an eye-specific
enhancer of the eyeless (ey) gene to generate clones restricted to the eye, and a cell lethal
mutation on the homologous wild-type chromosome to eliminate the twin spot.39 This method
generated almost entirely homozygous mutant eyes. The removal of CtBP alone had no effect
on retinal patterning or eye morphology (Fig. 5D). However, removal of CtBP dramatically
suppressed the nocSco/+ mutant phenotype. In nocSco/+; CtBP double mutants, retinal
patterning was reverted to normal with respect to Rh5 and Rh6 expression (Fig. 5E). This
indicates that the co-repressor CtBP is required to disrupt R8 cell differentiation in the
nocSco/+ mutant. We believe that an inappropriate signal is generated in nocSco/+ mutant flies,
which switches R8 cells from the Rh6-expressing default fate to the Rh5-expressing induced
fate. Inappropriate signaling most likely results from sna and CtBP binding to, and repressing
the transcription of, one or more target genes that are required for generating or responding to
this signal.

rhomboid is repressed by snail in Scutoid mutants
To test whether genes regulated by sna repression during embryogenesis may be targets for
sna repression in nocSco/+ mutant eyes, we compared the expression of sim, vnd and sog in
WT and nocSco/+ eye imaginal discs. sim and vnd are not expressed in either WT or nocSco/
+ eye-imagnal discs (Fig. 6A–D). sog is expressed in a small region that gives rise to the ocelli
and is expressed equally in both WT and nocSco/+ eye imaginal discs (Fig. 6E and F). These
experiments reveal that none of these three genes are targeted for transcriptional repression by
sna and CtBP in the nocSco/+ mutant.
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A fourth target of sna repression during embryonic development is rho, which has been
extensively characterized in eye development, but whose role in R8 photoreceptor cell
differentiation has not been investigated. In WT eye discs, rho expression is intense in the
morphogenetic furrow and continues to be uniformly expressed posterior to the furrow (Fig.
7A). In nocSco/+ mutant eye discs, rho expression is also intense in the furrow; however behind
the furrow there is a gap in expression. Posterior to this gap, rho expression returns and is
maintained uniformly to the posterior edge of the eye disc (Fig. 7B). Remarkably, the gap in
rho expression in the nocSco/+ mutant eye discs corresponds precisely to the region of ectopic
sna expression (Fig. 7B–D), suggesting that the alteration of rho expression in the nocSco/+
mutant eye imaginal disc is the basis for the disruption of R7/R8 cell subtype coordination.

Loss of rhomboid suppresses the Scutoid mutant phenotype and is required for the
induction of Rh5 expression

To test whether rho is required for the inappropriate induction of Rh5 expression found in
nocSco/+ mutants, we generated rhopΔ5 mutant clones in a nocSco/+ mutant background using
the ey-FLP/FRT system as described above. We found that the loss of rho in these mutant
animals dramatically reduced the number of Rh5 expressing R8 cells compared to nocSco/+
mutants alone (Fig. 7E and Table 1). As was the case with CtBP, this demonstrates that the
nocSco/+ mutant phenotype is dependent, at least in part, upon the presence of rho. As we have
previously reported, in animals that are mutant for rho alone the expression of Rh5 in R8 cells
is almost completely eliminated, despite there being no effect on the expression of Rh3 and
Rh4 (Fig. 7F and Table 1).36 This demonstrates that rho is required for the induction of Rh5
expression (Fig. 3D, right diagram) and suggests that the disruption of rho expression (rather
than rho loss) in nocSco/+ mutants is the basis for inappropriate induction of Rh5 expression.
The effect of nocSco/+ in double mutant animals is to suppress the effect of rho loss, producing
an eye having Rh5 expression that is not significantly different from CS (41% vs. 33%,
respectively, p = 0.3). This demonstrates that while rho is essential for normal paired
expression of rhodopsin genes in the R7 and R8 cells, at least part of the induction of Rh5
expression by nocSco/+ is rho independent.

Discussion
In the present study we examined the precise pairing of adjacent R7 and R8 photoreceptor cells
that confers the fly’s unique sensitivity to different colors and polarized light.2,6,40 We showed
that this pattern is disrupted in nocSco/+ mutants, leading to an increase in the expression of
Rh5 and a mispairing of Rh5 expressing R8 cells and Rh4 expressing R7 cells. This
inappropriate induction of Rh5 expression is dependent upon the presence of the R7 cell and
appears to result from the ectopic expression of the transcriptional repressor sna, which
represses the expression of rho in the developing eye imaginal disc. We show that the dominant
effect of nocSco/+ on Rh5 expression is dependent upon the presence of the co-repressor
CtBP and is suppressed by the loss of rho, although part of the nocSco/+ effect is rho
independent. Interestingly, loss of rho alone severely impairs the induction of Rh5 expression.
36 Elsewhere we show that rho is both necessary and sufficient for the induction of Rh5
expression and that rho is specifically required in the R8 cell as well as non-cell autonomously
elsewhere in the eye.36 Furthermore, we also previously reported that the Epidermal Growth
Factor Receptor (EGFR) is required for the induction of Rh5 expression and that EGFR
activation is sufficient to overcome the requirement for rho, consistent with the idea that rho
and EGFR play a role in establishing the competency of Rh3-expressing R7 cells to induce
Rh5 expression in R8 cells.36

The studies reported here highlight how the ectopic expression of a gene normally expressed
during embryonic development (sna) can disrupt gene expression in a tissue and developmental
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stage where it is not normally expressed, which reiterates its normal function to produce an
abnormal phenotype. These phenotypes include the disrupted patterning of R8 photoreceptor
cell rhodopsin gene expression that we have examined in detail and also a range of additional
photoreceptor cell phenotypes, including loss of outer photoreceptor cell rhabdomeres (R1–6)
and loss of R7 and R8 cell rhabdomeres. As mentioned previously, these phenotypes likely
reflect photoreceptor cell loss, but could potentially result from the failure to build or maintain
the rhabdomere. Although rhabdomere or photoreceptor cell loss has not been the primary
focus of the current work, they raise a number of interesting issues. This phenotype is
reminiscent of that observed in animals misexpressing seven-up (svp), in which loss of outer
photoreceptor cells, loss of R8 and R7 cells, formation of extra R7 cells, and the transformation
of an R7 cell to an outer photoreceptor cell has been observed.41,42

svp encodes a transcription factor belonging to the chicken ovalbumin upstream transcription
factor (COUP-TF) subgroup of the nuclear receptor superfamily. svp and many of the members
of this family are “orphan receptors” with no identified ligand and are thought to act in a ligand-
independent manner.43 Remarkably, misexpression of svp in the R8 cells under the control of
the scabrous driver results in the loss of both R7 and R8 photoreceptor cells.42 Furthermore,
expression of svp in R2 and R5 photoreceptor cells under the control of the rough driver leads
to the loss of one or more outer photoreceptor cells and may also cause the loss of some R7
cells.42 Our results with the loss of some R7, R8 and outer rhabdomeres or photoreceptor cells
in nocSco/+ flies suggests that ectopic expression of sna in the eye imaginal disc may also
repress expression of genes that are negatively regulated or downstream of svp, such as
ultraspiracle and rigor mortis.44,45

Finally, nocSco/+ is also associated with an olfactory phenotype showing diminished
extracellular electroantennogram responses to the odorants ethyl acetate and acetone.46 In a
manner that is reminiscent of the pairing of rhodopsin gene expression in adjacent R7 and R8
photoreceptor cells, there is also a characteristic pairing of odorant sensitivities and odorant
receptor gene expression within neurons of the same olfactory sensilla.47,48 Furthermore,
asymmetric Notch activation has been shown to play an important role in specifying olfactory
receptor neuron cell-type and regulating odorant receptor gene expression.49 Thus our results
suggest that the olfactory phenotype of nocSco/+ may result from a similar sna mediated
alteration in gene expression in the developing antenna, and that rho may play a role in
patterning olfactory receptor gene expression in chemosensory sensilla.

Identification and characterization of nocSco/+ provided the initial insight into the convoluted
puzzle leading to our identification of rho as a gene required for retinal patterning. These studies
highlight the potential difficulty in determining the mechanisms underlying phenotypes
identified in misexpression screens. In the absence of a loss-of-function phenotype of the
misexpressed gene (sna) in the tissue of interest (retina) one is faced with a substantial
challenge. While the alteration of rho expression identified here was critical in determining its
role in coordinating the expression of opsin genes in the R7 and R8 photoreceptor cells, it is
insufficient to explain the entire nocSco/+ retinal phenotype. Because loss of rho does not
completely suppress the nocSco/+ phenotype, it suggests that part of the induction of Rh5
expression in nocSco/+ flies is independent of rho, perhaps through the CtBP-dependent
repression of other target genes or the activation of EGFR signaling downstream of rho. Thus
despite the important insight that nocSco/+ has provided into this aspect of retinal patterning,
at least part of the mechanism underlying the phenotype remains unresolved.
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Materials and Methods
Stocks and genetics

Stocks were maintained in humidified incubators on standard cornmeal/molasses/agar media.
Unless otherwise specified, all stocks were obtained from the Bloomington Stock Center.
rhopΔ5 FRT was generously provided by Mathew Freeman. Homozygous mutant clones in the
eye of rhopΔ5 and CtBP87De-10 were generated with the FLP/FRT system by standard
techniques38 using the eyeless promoter-driven FLP recombinase (ey-FLP).39 The strains and
alleles used were as follows: Canton-S (FBst0000001), nocSco (FBal0013044), w1118

(FBal0018186), al1 dpov1 b1 pr1 c1 px1 sp1 (FBst0000156), sev14 (FBal0015458), nocSco-rv8

(FBal0013048), nocSco-rv17 (FBal0013054), nocSco-rv11 (FBal0013050), Df(2L) Scorv25

(FBab0001552), Df(2L)Scorv19 (FBab0001550), CtBP87De-10 (FBal0010480), rhopΔ5

(FBal0033087).

Scanning electron micrographs
Flies were dehydrated for 12 hours each in a graded ethanol series (25%, 50%, 75% and 100%),
followed by incubation in hexamethyldisilazane. Samples were dried under house vacuum and
sputter coated with a Gold Palladium Target (Electron Microscopy Sciences, Hatfield, PA),
mounted on 12 mm diameter Carbon Adhesive tabs and placed on stubs. Samples were
examined with a LEO 435VP scanning electron microscope (LEO Electron Microscopy Ltd.,
Cambridge, UK).

Histology and immunohistochemistry
Epon embedded retinal cross sections were performed as previously described.10 For
immunohistochemistry, 10 μm cryosections were prepared and treated as previously described.
10 Antibodies were used at the following dilutions: directly conjugated mouse monoclonal anti-
Rh5 (Texas Red, 1:100), anti-Rh6 (FITC, 1:100), anti-Rh3 (clone 2B1, 1:20), anti-Rh4 (clone
11E6, 1:10), FITC-conjugated Fab fragment goat anti-mouse (1:400, Jackson Immunoresearch
Laboratories, Inc., West Grove, PA), AlexaFluor 568 goat anti-mouse IgG (H + L) (1:400,
Molecular Probes, Eugene, OR). Immunofluorescence images were acquired with an Axioskop
plus/AxioCamHRc (Carl Zeiss, Inc., Thornwood, NY) or by confocal microscopy using a Zeiss
Pascal LSM (Carl Zeiss, Inc.,). Comparisons of the proportions (percentages) of opsin
expression in different genetic backgrounds were performed with a z-score and are shown in
Table 1.50 The z-score was calculated using the equation:

p1 and p2 = proportions of marker expression in each of the two different genotypes under
comparison. n1. and n2. = number of ommatidia counted for each genotype. p̄ = average
proportion for both genotypes combined. q̄ = 1 − p̄. The significance of the difference between
the two proportions was determined from the normal distribution as a two-tailed test.

RNA in situ hybridization
Eye-antennal imaginal discs from third instar larvae were dissected in PBS, fixed in 50 mM
EGTA/4% formaldehyde in PBS, rinsed in methanol, and stored in ethanol at −20°. Discs were
treated with ethanol/xylene (1:1), rinsed with ethanol, post-fixed in 5% formaldehyde in PBS
plus 0.1% Tween (PBT), washed with PBT, and digested with Proteinase K (5 μg/ml). Tissue
was post-fixed again and pre-hybridized in hybridization buffer (50% deionized formamide,
5X SSC, 1 mg/ml glycogen, 100 μg/ml salmon sperm DNA, 0.1% Tween) at 48°C. Discs were
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hybridized overnight at 55°C with 2 μl digoxigenin-labeled antisense RNA probe in 100 μl
hybridization buffer. The hybridized imaginal discs were washed extensively with
hybridization buffer at 55°C followed by PBT washes at room temperature. Discs were
incubated with alkaline phosphatase-conjugated anti-digoxigenin antibody (1:2,000, Roche
Applied Science, Indianapolis, IN) overnight at 4°C. Discs were washed with PBT and gene
expression was visualized with staining solution (100 mM NaCl, 50 mM MgCl2, 100 mM Tris
pH 9.5, 0.1% Tween) containing NBT/BCIP (Roche Applied Science). Stained imaginal discs
were mounted and photographed using an Axioskop plus/AxioCamHRc (Carl Zeiss Inc.,). For
the double labeling experiment, digoxigenin-labeled and FITC-labeled antisense RNA probes
were prepared and hybridized as described above. Following detection of the digoxigenin-
labeled probe with NBT/BCIP, the FITC-labeled probe was detected with rabbit anti-FITC
(1:200, Jackson Immunoresearch Laboratories, Inc.,) followed by signal amplification with
biotinylated goat anti-rabbit (1:700) and streptavidin conjugated HRP (1:100) using the
Vectastain ABC kit (Vector Laboratories, Burlingame, CA) and an AlexaFluor 488 tyramide
using a tyramide signal amplification kit (Molecular Probes Inc., Eugene OR). The AlexaFluor
488 signal and NBT/BCIP reaction products were visualized by confocal microscopy.51
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Figure 1.
Patterning of the R7 and R8 photoreceptor cells. (A) Longitudinal diagram of a Drosophila
ommatidium on the left, composed of eight neuronal photoreceptor cells having rhabdomeres
containing the visual pigments. The rhabdomeres of the outer photoreceptor cells (R1–R6)
surround the apical and basal rhabdomeres of the inner R7 and R8 cells, respectively, as show
in the cross sectional diagrams on the right. The oval is the lens. (B and C) Longitudinal
diagrams of the two major types of ommatidia, yellow (B) and pale (C), expressing Rh4 and
Rh6 or Rh3 and Rh5 in adjacent R7 and R8 cells. Expression of Rh6 in R8yellow cells is not
dependent on the presence of an adjacent R7 cell and likely reflects a default fate (faint broken
arrow). Expression of Rh5 in R8pale cells is dependent upon the presence of an adjacent Rh3-
expressing R7 cell and likely reflects an inductive signal (bold arrow). (D) Ommatidia along
the dorsal margin of the eye express Rh3 in both R7 and R8. The specification of ommatidia
in the dorsal margin occurs from signaling events in the eye periphery and the dorsal eye that
are regulated by wingless, the iroquois genes, and homothorax.16–18
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Figure 2.
Scutoid mutant eyes are rough and lack some photoreceptor cells. Wild type, canton S (CS)
flies are shown in (A–D). nocSco/+ mutant flies are shown in (E–H). (A) Scanning electron
micrographs (SEM) of a CS eye shows the regular arrangement of ommatidia. (B) Increased
magnification showing the regular array of facets and bristle placement. (C) An apical cross
section of a CS retina shows the outer R1–R6 photoreceptor cells and the inner R7 cell in each
ommatidium. (D) A basal cross section of a CS retina shows the outer R1–R6 photoreceptor
cells and the inner R8 cell in each ommatidium. The rhabdomeres are organized as in Figure
1A. (E) nocSco/+ mutant eyes are slightly rough. (F) nocSco/+ ommatidia are misshapen and
often contain no bristles or double bristles at alternating ommatidial junctions. (G) Many
nocSco/+ ommatidia in this apical section are missing one or more outer photoreceptor cells
and may also lack R7 cells (arrowhead). (H) Many nocSco/+ ommatidia in this basal section
are missing one or more outer photoreceptor cells and may also lack R8 cells (arrowhead). In
all panels, dorsal is toward the top and anterior is to the left. The left eye of a female is shown
in all cases.
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Figure 3.
Scutoid mutants show increased Rh5 expression and mis-pairing of Rh4 with Rh5. (A) WT
flies (w1118) express Rh5 in 29% of R8 cells and express Rh6 in 71%. (B) In a longitudinal
section from a nocSco/+ retina, there is a dramatic increase in the number of R8 cells that express
Rh5 (67%). (C) Dissociated ommatidia from nocSco/+ mutants show that the increase in Rh5
expression is coupled with mis-pairing of Rh4 and Rh5 expression in adjacent R7 and R8 cells
(arrows). (D) This phenotype could result from an inappropriate inductive signal, or from a
defect in the default fate. By contrast, a loss of the inductive signal would be expected to
produce a decrease in Rh5 expression and mis-pairing of Rh3 and Rh6 expression in adjacent
R7 and R8 cells. (E) In the absence of R7 cells (sev) virtually all R8 cells assume the default
fate and express Rh6. This corresponds to a loss of induction from the putative signaling R7
cell. (F) Loss of R7 cells suppresses the nocSco/+ phenotype in the sev; nocSco/+ double mutant
and causes a dramatic decrease in Rh5 expression (12%).
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Figure 4.
Diagram of the wild-type, Scutoid and Scutoid revertant chromosomes. In nocSco two segments
of the left arm of the second chromosome, nocB-Adh and rd-wor, are reciprocally transposed.
52 The segment of noc-Adh has been inverted and translocated in front of the sna gene. The
order of the rd-wor segment is not known. A 5 kb segment, shown as the gray box, is duplicated
in the nocSco chromosome. The breakpoints of the inversions in nocSco-rv8, nocSco-rv17 and
nocSco-rv11 are shown by arrows. The segments deleted in nocSco-rv25 and nocSco-rv19 are shown
as open bars. Among the revertants analysed, only nocSco-rv8 demonstrates an abnormal R7
and R8 photorecptor cell patterning phenotype. The proximal direction to the centromere is to
the right. moladietz (mol), shuttle craft (stc) and worniu (wor), correspond to the loci previously
referred to as l(2)35Bb, l(2)35Cb and l(2)35Da, respectively. 53,54 noc includes l(2)35Ba, nocA,
nocB and nocC.54 The figure is adapted from.26,46
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Figure 5.
snail is ectopically expressed in Scutoid mutants and requires the co-repressor C-terminal
Binding Protein to alter R7/R8 cell patterning. (A) WT (w1118) third instar eye imaginal disc
lacks sna expression. The arrow indicates the position of the morphogenetic furrow. (B) sna
transcript is ectopically expressed in nocSco/+ eye imaginal discs posterior to the
morphogenetic furrow (black arrow). (C) During embryogenesis, twist (twi) and snail (sna)
are responsible for mesoderm differentiation. sna represses rho ventrally and establishes the
boundary between the mesoderm and the neurogenic ectoderm (modified from ref. 35). (D) In
a largely CtBP homozygous mutant retina with a small heterozygous region (outlined in white),
loss of CtBP does not significantly affect the proportion of R8 cells expressing Rh5 and Rh6.
(E) In a completely mutant nocSco/+; CtBP retina, loss of CtBP dramatically suppresses the
nocSco/+ phenotype, producing a WT percentage of Rh5 and Rh6 expression in R8 cells.
Compare with nocSco/+ alone in Figure 3B.
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Figure 6.
The expression of single-minded, ventral nervous system defective and short gastrulation in
wild type and Scutoid mutant eye-antennal imaginal discs. In situ hybridization analysis of
sim (A and B), vnd (C and D) and sog (E and F). Neither sim nor vnd is expressed in w1118 (A
and C) or nocSco/+ (B and D) eye-antennal imaginal discs. sog is expressed only in the region
that gives rise to the ocelli, and is found at similar levels in w1118 (E) and nocSco/+ (F) eye
imaginal discs.
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Figure 7.
rhomboid is repressed in Scutoid mutants and is required for induction of Rh5 expression in
R8 cells. (A) In situ hybridization shows that rho is normally expressed in the eye imaginal
disc beginning at the morphogenetic furrow (MF, arrowhead) and continuing to the posterior
edge of the disc. (B) In a nocSco/+ mutant eye disc, rho expression is normal at the furrow
(MF, arrowhead), repressed directly posterior to the furrow and then expressed again to the
posterior edge of the eye disc. (C) sna is ectopically expressed in the nocSco/+ mutant eye disc
posterior to the furrow (sna, arrowhead). (D) Double labeled in situ demonstrates that the
repression of rho posterior to the furrow occurs in the region of sna expression. (E) Triple
labeled longitudinal section of a retina from an animal double mutant for nocSco/+ and
rhopΔ5 demonstrates a dramatic suppression in the nocSco/+ phenotype. (F) An ey-FLP FRT
generated rhopΔ5 mutant eye shows near complete elimination of Rh5 expression.
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Table 1

Opsin expression in different genetic backgrounds*

Genotype
R8 cells expressing Rh5 %

(n)

R7 cells
expressing
Rh3 % (n) Mis-pairing Figure

CS 33% (359) 38% (139) NO

w1118 29% (214) 34% (140) NO 1B–D, 3A

nocSco/+ 67% (233)
SDF CS, p < 10−15

44% (341) Yes (Rh4/Rh5) 3B and c

sev14 12% (585)
SDF CS, p = 2.0 × 10−14

NA NA 3E

sev14; nocSco/+ 12% (269)
SDF nocSco/+, p < 10−15

NA NA 3F

b1 nocSco pr1 c1 px1/+ 60% (238)
SDF CS, p = 9.2 × 10−11

ND ND

b1 nocSco pr1px1/+ 57% (227)
SDF CS, p = 1.7 × 10−8

ND ND

al1 dpov1 b1 nocSco pr1 c1 px1/+ 58% (456)
SDF CS, p = 1.3 × 10−12

ND ND

nocSco-rv8/+ 63% (265)
not SDF nocSco/+

52% (242)
not SDF
nocSco/+

Yes (Rh4/Rh5) 4

nocSco-rv17 b pr/+ 42% (205)
SDF nocSco/+, p = 4.3 × 10−7

46% (220) NO 4

nocSco-rv11/+ 45% (278)
SDF nocSco/+, p = 10−6

51% (226)
SDF CS, p =

0.023

NO 4

Df(2L)nocSco-rv25/+ 30% (230)
SDF nocSco/+, p = 3.8 ×

10−15

48% (270) NO 4

b Df(2L)nocSco-rv19 pr/+ 44% (208)
SDF nocSco/+, p = 2.5 × 10−6

42% (214) NO 4

sna1 FRT 28% (163) ND ND

CtBP87De-10 FRT 35% (362) ND ND 5D

nocSco/+; CtBP87De-10 FRT 33% (554)
SDF nocSco/+, p < 10−15

ND ND 5E

nocSco/+; rhopΔ5 FRT 41% (59)
SDF nocSco/+, p = 3.7 × 10−4

ND ND 7E

rhopΔ5 FRT 6.0% (300)
SDF CS, p < 10−15

35% (280) Yes (Rh3/Rh6) 7F#

*
Statistical comparisons of strains were carried out as described in the Methods; n = the number of ommatidia counted; Unless indicated, the observed

percentages are not significantly different from CS; Strains compared to another control are indicated; Abbreviations are as follows: Significantly
Different From (SDF) the strain indicated, at the p value shown; Not Determined (ND); Not applicable (NA);

#
Quantitative data for this mutant is from Birkholz et al.36
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