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SUMMARY

The dachshund gene encodes a nuclear protein that is
required for normal eye development in Drosophila. In the
absence of dachshund function, flies develop with severely
reduced or no eyes. We show that targeted expression of
dachshund is sufficient to direct ectopic retinal develop-
ment in a variety of tissues, including the adult head,
thorax and legs. Thisresult issimilar to that observed with
the highly conserved Drosophila gene eyeless, which can
induce ectopic eye formation on all major appendages.

Here, we show that dachshund and eyeless induce the
expression of each other and that dachshundisrequired for
ectopic retinal development driven by eyeless misexpres
sion. These results suggest that the control of eye develop-
ment requires the complex interaction of multiple genes,
even at the very highest regulatory levels.
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INTRODUCTION

Molecular and genetic studies of development in Drosophila
have helped to decipher the fundamental mechanisms of cell-
fate determination and, due to the highly conserved nature of
the proteins involved, have had profound implications for our
understanding of vertebrate development. In particular, the
Drosophila eye has been an extremely informative setting for
the study of both cell-cell inductive events and long-range
signaling. While our knowledge of the genes and mechanisms
controlling morphogenesis and neural differentiation in the
Drosophila eye has increased dramatically in recent years, rel-
atively little is known about how retinal tissue is specified in
the first place. The most important advance in this areawas the
discovery that the eyeless (ey) geneis able to initiate an entire
cascade of gene activity sufficient to generate complete and
properly formed compound eyes in Drosophila (Halder et al.,
1995). Ectopic expression of ey during devel opment directsthe
formation of retinal tissue on all major appendages, including
antennae, legs and wings. ey encodes a member of the Pax-6
family of transcription factors that contain both a paired
domain and a homeodomain (Quiring et al., 1994). Loss-of-
function mutations in ey produce flies that have either reduced
eyes or no eyes at all. Moreover, vertebrate homologs of ey,
including mouse Small eye (Sey) and human Aniridia, are
highly conserved both in sequence and in function. The paired
and homeodomains encoded by Sey and Aniridia are more than
90% identical to Drosophila Ey and all three genesarerequired
for normal eye development in their respective species (Ton et
al., 1991; Hill et a., 1991; Jordan et al., 1992; Glaser €t al.,
1992). Moreover, in spite of the divergence of insects and

mammals more than 500 million years ago, targeted expression
of the mouse Sey gene also induces the formation of ectopic
compound eyes in Drosophila. Taken together, these results
led to the hypothesis that ey is the master control gene for eye
morphogenesis (Halder et al., 1995). However, the identity of
genes controlling the expression of ey and the presumed down-
stream targets of ey function are not known.

Genes known to function early in Drosophila eye develop-
ment, based on both their expression patterns and mutant phe-
notypes, are candidates for regulators or targets of ey activity.
One such candidate is the dachshund (dac) gene, which encodes
anove nuclear protein required for normal eye development in
Drosophila (Mardon et d., 1994). dac is expressed early during
eye development and is required for the first steps of eye mor-
phogenesis and photoreceptor determination. The adult
Drosophila compound eye is composed of approximately 750
unit eyes or ommatidia that are arranged in a precise hexagona
array (Fig. 1A). Each ommatidium comprises 8 photoreceptor
cells, as well as lens-secreting cone cells, pigment cells and a
mechanosensory bristle. The adult eye is derived from the eye
imaginal disc, an epithelial monolayer that is specified in the late
embryo and grows throughout larval development (Fig. 1E).
Photoreceptor cells first differentiate at the posterior margin of
the eye disc and appear progressively in awave-like fashion over
a period of about two days (Wolff and Ready, 1993). Anterior
movement of thiswave of neural differentiation, termed the mor-
phogenetic furrow, is composed of two genetically separable
events: first, the furrow must begin moving (termed initiation)
and second, the furrow must propagate across the eye disc
(termed progression). Severa conserved genes have been iden-
tified whose function is required for proper furrow progression,
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both as positive and negative regulators, including hedgehog
(hh), protein kinase A and patched (reviewed in Heberlein and
Moses, 1995; Bonini and Choi, 1995). hh encodes a secreted
signaling molecule that plays crucia roles in pattern formation
and cell-fate determination throughout much of the metazoa
(reviewed in Ingham, 1995; Johnson et a., 1994; Perrimon,
1995). Ectopic expression of hh anterior to the morphogenetic
furrow in the undifferentiated epithelium of the eye imaginal
disc leads to precocious photoreceptor development (Heberlein
et a., 1995; Lee et al., 1994). In contrast, ectopic expression of
hh in the anterior compartment of other imaginal discs does not
induce photoreceptor development; instead, pattern duplications
of structures specific to each disc (i.e., antenna, leg or wing) are
observed (Bader and Struhl, 1994). Thus, while ectopic ey
expression is sufficient to redirect differentiation of at least a
subset of cells from all imaginal discs to a retinal fate, hh acts
further downstream during morphogenesisto pattern cellswhose
primary fate has already been determined.

In contrast to furrow progression, a largely different set of
genes regulate furrow initiation. wingless (wg) encodes a
secreted signaling molecule that is required to prevent
premature initiation of the furrow away from the dorsal and
ventral margins of the eye disc and thus
refines the furrow to alinear (i.e., not curved)
wave of development (Ma and Moses, 1995;
Treisman and Rubin, 1995). Signaling by
decapentaplegic (dpp), a transforming
growth factor 3 family member, is likely to
be required for furrow initiation since loss-of -
function mutations in mothers against dpp
(mad) prevent initiation (Wiersdorff et al.,
1996). mad encodes a novel protein required
downstream of dpp signaling (Sekelsky et al.,
1995). Even though dpp is expressed in the
furrow throughout progression, dpp may not
be strictly required for this process because
loss of mad function does not prevent furrow
propagation. Like dpp, dacisexpressed at the
posterior margin of the eye disc prior to
furrow initiation and neural development
(Fig. 2A). In the absence of dac function, dpp
expression remains at the posterior margin of
the eye disc, furrow initiation is prevented
and adults develop with severely reduced or
no eyes (Fig. 1B,F). Although dac is highly
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movement, dac plays a critical role during the earliest stages
of morphogenesis and photoreceptor specification in the eye.
In this paper, we show that targeted dac expression in the
antennal and leg imaginal discs induces ectopic eye develop-
ment. Ectopic eyes have a nearly norma morphology and
contain photoreceptor neurons that project axons in a manner
similar to photoreceptors in the eye disc. Moreover, we show
that ectopic dac expression induces ey expression, suggesting
that dac acts upstream of ey during retinal development. Sur-
prisingly, we also found that ey induces dac expression and
that dac is required for ey function. These results demonstrate
that dac and ey expression are intimately related and that these
genes are likely to function together in the control of retinal
cell-fate specification at early stages of eye development.

MATERIALS AND METHODS

Fly genetics

All Drosophila crosses were carried out at 25°C on standard media.
UAS-dac constructs were generated using a full-length dac cDNA
(Mardon et al., 1994) cloned in the EcoRl site of pUAST (Brand and
Perrimon, 1993). Flies were transformed using standard techniques
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expressed immediately anterior and posterior
to the furrow throughout furrow propagation
(Fig. 2B), dac is not required for furrow pro-
gression or dpp expression. However, dac is
required for proper construction and
assembly of ommatidia into the hexagonal
array characteristic of the compound eye
(Mardon et al., 1994). Since the dac and mad
mutant phenotypes in the eye are very
similar, it has been suggested that dac may
function downstream of dpp signaling but,
unlike mad, is not required for the mainte-
nance of dpp expression (Wiersdorff et al.,
1996). Based on its early expression pattern
at the posterior margin of the eye disc and its
essential  role in initiation of furrow

No Ectopic dac

dpp-GAL4 x UAS-dac

Fig. 1. Rescue of morphogenetic furrow initiation in dachshund mutant animals.
Scanning electron microscope images of adults eyes (A-D) and light microscope images
of late larval eye imaginal discs (E-H) stained to reveal the positions of neuronsin brown
and dpp expression in blue are shown. (A) Wild-type adult eye. (B) dac null mutant adults
have severely reduced or no eyes. (C) dpp-GAL4 x UAS-dac rescues eye development in
dac null mutants but the ommatidial array is disorganized. (D) In awild-type background,
dpp-GAL4 x UAS-dac truncates the adult eye in the dorsal-ventral dimension but
ommatidial assembly isnormal. (E) In wild-type animals, the furrow (blue stripe) is about
half-way across the eye disc by the late third instar larval stage. Photoreceptor
differentiation (brown dots) occurs immediately posterior to the furrow. (F) In dac null
mutant eye discs, furrow initiation fails, dpp expression remains at the posterior margin
and little or no neural development occurs. (G,H) dpp-GAL4 x UAS-dac rescues furrow
initiation in dac null mutants (G) but has little effect on furrow movement in awild-type
background (H). Posterior isto the left and dorsal isup in al panels. Scale bar (100 pum)
inH isfor all panels.



(Rubin and Spradling, 1982). 14 transformants were anayzed in
detail. dpp-GAL4 flies express GAL4 in the antennal disc and at the
A-P compartment boundaries of the leg and wing discs in a pattern
that approximates that of dpp (Staehling-Hampton et al., 1994). For
an unknown reason, the dpp-GAL4 line does not express GAL4 in the
morphogenetic furrow during furrow progression. Instead, GAL4 is
expressed specifically at the posterior margin of the early eye disc and
then fades away from the central portion of the disc rapidly following
furrow initiation (see Fig. 2). Rescue of dac null mutant animals were
assayed as follows: dac[3], dpp-lacZ ; dpp-GAL4 / SM6-TM6B flies
were crossed to dac[l] ; UAS-dac / SM6-TM6B flies and non-Tb
larvae or non-Hu adults were selected as dac[ 3], dpp-lacZ / dac[1] ;
dpp-GAL4 / UAS-dac. Targeted expression of ey in adac null mutant
background was carried out as follows: dac[ 3], dpp-lacZ ; dpp-GAL4
/ SVI6-TMG6B flies were crossed to dac[ 1] ; UAS-ey / SM6-TM6B flies
and non-Thb larvae were selected as dac[ 3], dpp-lacZ / dac[1] ; dpp-
GAL4 /| UAS-¢y.

Scanning electron microscopy and histology

Due to severe truncation of the legs and wings, animals carrying both
UAS-dac and dpp-GAL4 constructs fail to emerge from their pupal
cases. Thus, al adult images were prepared from animals dissected
from late pupae. Samples were prepared for scanning electron
microscopy and histological sections as previously described
(Kimmel et a., 1990; Tomlinson and Ready, 1987).

Immunohistochemistry

Imaginal discs were dissected and stained as previously described
(Mardon et a., 1994). All ectopic dac expression studiesin this paper
were performed using dpp-GAL4 x UAS-dac animals. dpp expression
was shown using a B-galactosidase reporter construct specific for
imaginal discs (Blackman et a., 1991). Anti-Elav (Robinow and
White, 1991), anti-Dac (Mardon et al., 1994), anti-Glass (Moses and
Rubin, 1991), anti-Neuroglian (Hortsch et al., 1990) and anti-Ey
(Halder et al., 1995) stainings were all performed using the same
protocol with the following exceptions. For anti-Glass staining,
imaginal discs were dissected in PBS and fixed in PLP (2%
paraformaldehyde, 10 mM sodium periodate, 75 mM lysine, 37 mM
sodium phosphate pH 7.2) for 25 minutes onice. For anti-Ey staining,
imaginal discs were dissected in PBS and fixed in PEM (0.1 M Pipes
pH 7.0, 0.2 mM EGTA, 4% paraformaldehyde) for 25 minuteson ice.
All discs were mounted in 80% glycerol in PBS.

RESULTS

Rescue of the dachshund mutant eye phenotype

We sought to further our understanding of dac gene function
during development through ectopic expression studies using
the GAL4 system (Brand and Perrimon, 1993; Brand and
Dormand, 1995). Our first step toward this goal was to
establish that our dac cDNA clone encodes afunctional protein
using rescue of the dac mutant eye phenotype as an assay. Con-
firming predictions based on our previous analyses, expression
of dac specifically at the posterior margin of the eye disc early
in development (Fig. 2C,E) is able to fully rescue morpho-
genetic furrow initiation in a dac null mutant background (Fig.
1C,G). Inthis setting, even though dac is not expressed anterior
or posterior to the furrow during most of progression, the
furrow still moves normally across the entire eye imaginal disc
(Fig. 2D,F). However, the requirement for dac function during
furrow progression for norma ommatidial assembly is readily
apparent in these preparations: rescued eyes are disorganized,
both during larval stagesand in the adult (Fig. 1C,G). Although
ectopic dac expression at the posterior margin of the eye disc
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Fig. 2. dachshund isrequired only at the posterior margin for normal
furrow movement. Eye-antennal discs were stained to reveal the
positions of dpp expression in blue (B,D,F) and Dac protein in
brown. (A,B) In thewild type, Dac is detected at the posterior
margin of the eye disc prior to furrow initiation (A) and both anterior
and posterior to the furrow (blue stripe) throughout progression (B).
(C-F) dpp-GAL4 x UAS-dac in adac null mutant background
strongly induces Dac protein at the posterior margin of early larval
eye discs (C,E) and is sufficient to initiate furrow movement. By
mid-third instar larval development, Dac protein is only weakly
detectable in the center of the eye disc (D) and is gone by late larval
stages (F). At no stage is Dac protein detectable anterior to the
furrow. Neverthel ess, the morphogenetic furrow (blue stripe)
progresses normally across the eye disc. In contrast, Dac proteinis
strongly induced at the dorsal and ventral margins of the eye disc
throughout the second and third instar larval stages (C-F). Inthe
antennal disc, dpp-GAL4 x UAS-dac induces Dac protein at the
ventral margin of the disc and along the A-P midline of the disc
during larval development (C-F, arrowhead in F). Posterior is to the
left and dorsal isup in al panels. Scale bar (100 um) in E isfor all
panels.

in a wild-type (dac*) background had little or no effect on
furrow initiation or progression, the adult eyes of such animals
aretruncated in the dorsal-ventral dimension (Fig. 1D,H). This
may be attributable to the strong ectopic expression of dac at
the dorsal and ventral margins of the eye disc (Fig. 3D). These
experiments confirmed that our dac cDNA encodes a func-
tional protein capable of rescuing furrow initiation in dac
mutant animals and that little or no Dac protein is required for
furrow progression.
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dachshund induces ectopic eyes

In addition to the eye disc, dac is normally expressed only in
specific domains of the antennal, leg and wing discs (Fig. 3A-
C) and the embryo (data not shown). These restricted patterns
of dac expression are important for normal development: a
single 30 minute heat shock (hs) of animals carrying both hs-
GAL4 and UAS-dac transgenes at any time during development
causes complete lethality (data not shown). More subtle phe-
notypes were produced using a dpp-GAL4 construct to drive
dac expression in the antennal disc and at the anterior-posterior
(A-P) compartment boundary of the leg and wing discs (Cohen,
1993). In each case, ectopic expression of Dac protein caused
strong disruption of the normal dac pattern of expression (Fig.
3D-F), increased cell death and truncation of the resulting
appendage (data not shown). Strikingly, about 20% of these
animals develop ectopic eyes just ventral to the antenna on the
anterior surface of the head (Fig. 4A,B,D). This position in the
adult corresponds to the site of strongest ectopic dac
expression at the ventral margin of the antenna disc
(arrowhead in Fig. 3D). Ectopic eyes derived from the A
ventral antennal disc often comprise up to 40 or 50
ommatidia (Fig. 4A). Ectopic retina development can
occur in adac null mutant background where the UAS-
dac transgeneisthe only source of Dac protein (data not
shown).

The external morphology of dac-induced ectopic eyes
closaly resembles that of normal adult eyes, including
lens and interommatidial bristle formation (Fig. 4C,D).
Sections of ectopic eyes reveal a typica ommatidia D
structure that includes the densely staining rhabdomeres
(the light-sensing organelles of the retina) and pigment
granules that serve to optically insulate each ommatid-
ium (Fig. 4E,F). However, the normaly precise
hexagona shape of most ommatidia is absent (Fig.
4C,D) and a minority of ommatidia display the charac-
teristic trapezoidal arrangement or number of rhab-
domeres (Fig. 4E,F). Ectopic eyes derived from dac
misexpression are normally pigmented (Fig. 5B-D).

Ectopic dac expression aso induces retinal develop-
ment on a portion of the body wall (thorax) that is
derived from leg imaginal discs. While 95% of animals
display at least some red pigment on the thorax just
dorsal to the articulation of the leg and body, only 5%
present obvious ommatidial structures (Fig. 6). This
position again corresponds to the site of strongest
ectopic dac expression in the leg imaginal disc (arrow-
heads in Fig. 3B,E). In about one percent of cases,
pigment is also clearly visible on the leg per se (data
not shown). Patches of red pigment are only rarely asso-
ciated with wing structures and no well-formed
ommatidia have been observed. Truncation of the adult

Eye-Antennal

Fig. 3. eyeless induces dachshund expression. Eye-antennal, leg and wing
imaginal discs were stained for Dac protein expression. (A-C) Wild type.

Developmental analysis of ectopic photoreceptors

Ectopic neura development resulting from targeted dac
expression is readily apparent in antennal and leg discs during
late larval stages. The nuclear protein Elav is detected in all
neurons in Drosophila (Robinow and White, 1991) and is not
normally expressed in the antennal disc (Fig. 5E). Ectopic dac
expression induced formation of Elav-positive cdls in the
ventral antennal disc in about 20% of samplesanalyzed, in good
agreement with the frequency of ectopic eyes observed in adults
(Fig. 5F,G). These cells are likely to be ectopic photoreceptor
neurons. Indeed, we found evidence for retina-specific devel-
opment in the antennal disc by the ectopic appearance of Glass-
expressing cdlls (Fig. 5H,L). glass encodes a zinc-finger protein
that is specific for visual system devel opment in Drosophila and
is not normally expressed in antennal or leg imaginal discs
(Moses and Rubin, 1991; Moses et a., 1989). Ectopic glass
expression is also observed in the dorsal leg disc in response to
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appendages demonstrates that ectopic dac expression
aong the A-P compartment boundary significantly
atersthefate of cellsin each of theimaginal discs, indi-
cating that dac plays an instructive role during devel-
opment. Moreover, because ectopic dac expression in
the antennal and legimaginal discsissufficient to direct
some cells to adopt aretinal fate, dac must function at
or near the very highest levels of the regulatory
hierarchy controlling eye development.

(D-F) UAS-dac x dpp-GALA4. (G-1) UAS-ey x dpp-GALA4. dac is not expressed
at the ventral margin of the antennal disc (arrowhead in A), the dorsal margin
of theleg disc (arrowhead in B) or along most of the A-P compartment
boundary in the wing disc (C) of wild-type larvae. Ectopic expression of dac in
UAS-dac x dpp-GAL4 larvae disrupts the normal pattern of dac expressionin
all discs (D-F). The arrowheadsin D, E show the positions of ectopic retinal
development. Ectopic expression of ey in UAS-ey x dpp-GAL4 larvae also
disrupts the normal pattern of dac expression in all discs (G-1) and islikely to
be the result of induction of dac. ey induction of dac is most clearly seen in the
antennal and wing discs (G,1). Posterior isto the left and dorsal isup in all
panels.



dac misexpression (Fig. 6C,F). Remarkably, ectopic photore-
ceptorsin the antennal disc send out axonal projections that first
extend medialy and then turn sharply posteriorly (Fig. 5JK).
Thisis very similar to the pattern of normal axonal projection
in the wild-type eye disc where photoreceptor axons exit pos-
teriorly through the optic stalk to synapse in the optic lobe of
the larval brain (Fig. 51). Whether the axona projections of
ectopic photoreceptor cells in the antennal disc are able to find
their way to targets in the brain (or elsewhere) is not known.

We looked for evidence of morphogenetic furrow movement
by examining the pattern of dpp expression in antennal discs
positive for photoreceptor cell development. dpp expression
marks the position of the furrow as it progresses across the eye
imaginal disc. In the antenna disc, dpp is normally expressed in
a sector abutting the ventral margin of the antenna disc (Fig.
5E). In antennal discsthat show ectopic neural development, dpp
expression appearsto have moved away from the ventral margin
toward the center of the disc as an elongated stripe (Fig. 5F,G).
These results suggest that ectopic dac expression is sufficient to
initiate movement of an ectopic furrow at the ventral margin of
the antennal disc and induce photoreceptor development.

Relationship between dachshund and eyeless
Ectopic eye development caused by targeted expression of the

Fig. 4. Targeted dachshund expression induces ectopic retina
development. (A,B) Scanning electron microscope images of ectopic
eyes (arrowhead in B) induced by dac on the adult head. (C) A
portion of awild-type adult eye shows the normal hexagonal array of
ommatidia and the regular spacing of interommatidial bristles. (D) A
higher magnification of (B) reveals the abnormal ommatidial shape
and irregular bristle arrangement of a dac-induced ectopic eye.

(E,F) Sections of wild-type (E) and dac-induced ectopic (F) eyes.
Rhabdomeres are large, darkly staining organelles that contain the
light-sensitive pigment rhodopsin (E). Compared to wild type, the
rhabdomeres of ectopic eyes are usually small and disorganized
(arrowhead in F) but can often appear wild type (data not shown).
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dac gene is remarkably similar to results obtained with ey
(Halder et a., 1995). We therefore sought to examine the rela-
tionship between dac and ey using both molecular and genetic
approaches. Three independent results suggest that dac
functions downstream of ey. First, misexpression of ey in the
antennal, leg and wing imaginal discs is sufficient to induce
ectopic dac expression and disrupt the normal pattern of dac
expression in all discs (Fig. 3G-1). These results suggest that
ey activity positively regulates dac transcription, either directly
or indirectly, and raised the possibility that dac function may
be required downstream of ey. Indeed, we found that targeted
ey expression was unable to induce ectopic eye formation in a
dac null mutant background (Fig. 7). Findly, if dac functions
downstream of ey in asimplelinear pathway, then dac function
should not be required for ey expression. ey is normally
expressed anterior to the morphogenetic furrow in the eye
imaginal disc (Fig. 8A) and is not expressed in other imaginal
discs (Quiring et al., 1994). We found that ey is still expressed
in dac null mutant eye discs, demonstrating that dac is not
essential for ey expression (Fig. 8B). However, ey expression
isrestricted to the posterior margin of the disc, presumably due
to the failure of furrow initiation in dac mutants. These results
suggest that dac functions downstream of ey and, considering
that dac can induce ectopic retinal development, are consistent
with the idea that dac may be a direct target of ey function.

No null mutant allele of ey isavailable (Quiring et a., 1994)
and al existing ey alleles cause highly variable phenotypes in
the eye, ranging from wild type to total absence in the same
animal (data not shown). Thus, we are unable to test whether
ey is required for dac expression or function. Surprisingly,
however, we found that ectopic dac expression in the antennal
discissufficient to induce ey expression (Fig. 8C). In addition,
the normal pattern of ey expression in the eye disc is disrupted
asaresult of ectopic dac expression. Extremely weak or no ey
expression was observed in the leg or wing discs in response
to directed dac expression (data not shown). Thus, dac is
unable to drive ey expression at detectable levelsin all cellsin
whichit is present. Neverthel ess, dac-mediated induction of ey
expression in the antennal disc, in addition to the results
presented above, suggests that dac may function both upstream
and downstream of ey during retinal development.

DISCUSSION

Proper construction of tissues and organs during devel opment
requires the precise regulation of complex genetic hierarchies.
Only a few cases have been described where expression of a
single gene is sufficient to direct the development of complete
and properly formed organs or systems. For example,
expression of the S’y gene is able to cause genotypicaly XX
mice to development as phenotypic males (Koopman et d.,
1991). In two other cases, the LEAFY (LFY) and APETALAL
(AP1) geneseach direct precocious flower development in Ara-
bidopsis (Mandel and Y anofsky, 1995; Weigel and Nilsson,
1995). Most recently, targeted expression of the Drosophila
gene vedtigial (vg) was shown to generate wing-like out-
growths from the eyes, legs and antennae of adult flies (Kim
et al., 1996). Finally, the highly conserved Drosophila gene
eyeless (ey) is sufficient to direct the formation of compound
eyes on all the major appendages of flies when ectopically
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Fig. 5. Photoreceptor development in
ectopic eyes. (A) The anterior surface of
awild-type adult head and the antennae.
(B-D) dac-induced ectopic eyes on the
head are located just ventral to the
antennae and are normally pigmented
(arrowheads). (C) isahigher
magnification of the ectopic eye shown
in (B). (E-G) Eye-antennal discs were
stained for the neuron-specific Elav
protein in brown and dpp expression in
blue. No Elav-staining cells are found in
the wild-type antennal disc (E). Ectopic
dac expression in the antennal disc
induces clusters of Elav-positive cells
just ventral to the dpp stripe which has
moved away from the disc margin
(arrowhead in F). A higher magnification
of (F) reveals that ectopic groups of
neurons induced by dac resemble wild-
type ommatidial clusters (G). (H and L)
The visual system specific Glass protein
is not expressed in the wild-type
antennal disc (H). Induction of glass by
targeted dac expression (arrowhead in L)

demonstrates that ectopic neurons are presumptive photoreceptor cells. (I-K) The Drosophila protein Neuroglian is present in all neurons and
their axons and was detected using monoclonal antibody BP104. In the wild type, the only staining seen in the antennal disc isthe larval
Bolwig's nerve (arrowhead in 1). dac-induced ectopic neurons in the antennal disc (J) project axons to towards the midline (arrowhead in K)
and then posteriorly. Posterior is to the left for eye discs and to the right for antennal discs and dorsal isup in al panels.

expressed during development (Halder et a., 1995). Most of
these genes encode nuclear proteins (Sry, AP1, Vg and Ey) that
may control elaborate gene networks governing organ
formation. In particular, ey encodes a member of the Pax-6
family of DNA-binding transcription factors that includes
mouse Small eye (Sey) and human Aniridia (Quiring et al.,
1994). Targeted expression of ey or Sey causes ectopic eye
development in Drosophila, suggesting that genetic mecha
nisms of retinal development may be more highly conserved

Fig. 6. Ectopic retinal development on the legs and thorax.

(A,B) Light microscope images of dac-induced ectopic eyes
(arrowheads) on the thorax just dorsal to the prothoracic leg.

(C) Glass protein isinduced by ectopic dac expression in leg
imaginal discs (arrowhead). glassis not expressed in wild-type leg
discs (data not shown). (D-F) Higher magnification views of A-C,
respectively. A group of about 8 ommatidiaarevisiblein E.
Posterior isto the left and dorsal isup in all panels.

than previously anticipated (Halder et a., 1995). Since ey, Sey
and Aniridia are each required for normal eye development and
ey and Sey are functionally conserved, these genes are likely
to represent descendants of a common ancestral gene that
existed prior to the divergence of insects and mammals more
than 500 million years ago. Moreover, these results have forced

A
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Fig. 7. dachshund is required for eyeless function. Eye-antennal, leg
and wing imaginal discs were stained to reveal neural devel opment
in brown and dpp expression in blue. (A-C) Discs prepared from
UAS-ey x dpp-GAL4 larvae in awild-type background show ectopic
neural development in the antennal (A), leg (B) and wing discs (C).
(D-F) Targeted ey expression is unabl e to induce ectopic neural
development in any disc in adac null mutant background. Posterior
isto the left and dorsal is up for al panels.



Fig. 8. dachshund induces eyeless expression. Eye-antennal discs were
stained for Ey protein expression. (A) Inwild-type larvae, ey is
expressed anterior to the furrow in the eye disc and is not expressed
anywhere in the antennal disc. (B) dac is not required for ey expression.
In dac null mutant larvae, ey expression remains at the posterior margin
of the eye disc. (C) Ectopic dac expression in UAS-dac x dpp-GAL4
larvae induces ey at the ventral margin of the antennal disc (arrowhead)
and disrupts the normal pattern of ey expression in the eye disc.
Posterior isto the left and dorsal isup for al panels.

areevaluation of the traditional view that insect and vertebrate
visual systems evolved independently (Quiring et al., 1994).

We have identified the Drosophila gene dachshund (dac) as
another member of this small group of genes known to occupy
positions high in the regulatory hierarchiesdirecting organ devel-
opment. dac is expressed in nearly dl cells of the eye imagina
disc throughout larva devel opment and in the lamina of the optic
lobe where most photoreceptor axons first synapse in the brain.
dac encodes a novel nuclear protein that is necessary for the
initistion of eye morphogenesis and proper assembly of the
retinal field in Drosophila (Mardon et a., 1994). Here, we have
shown that dac is also sufficient to induce properly formed
ectopic eye structuresin avariety of tissuesin Drosophila. Taken
together, these results suggest that dac functions at many levels
of the genetic hierarchy controlling eye development and that dac
can switch on a pathway that is likely to involve thousands of
genes (Halder et d., 1995; Thaker and Kankel, 1992).

Targeted expression of dac is sufficient to induce ectopic ey
expression in one or more imaginal tissues during larval devel-
opment. Similarly, ey can induce dac expression in most
imaginal cells. Whether a similar regulatory relationship
normally exists between dac and ey in the eye disc is not
known. In wild-type eye discs, dac and ey expression anterior
to the morphogenetic furrow overlap significantly (Figs 2B,
8A). In addition, ectopic expression of either gene at the
posterior and lateral margins of the eye disc disruptsthe normal
pattern of expression of the other (Figs 3G, 8C). Thus, it seems
likely that dac and ey contribute to the regulation of each other
during normal eye devel opment.

We have shown that dac is required for induction of ectopic
eye development by ey misexpression. In contrast, we do not
know whether ey isrequired for dac function because no strong
or highly penetrant mutant alleles of ey exist. Although dac
does not induce strong ey expression in the leg imaginal disc,
dac can efficiently induce pigment development and, in some
cases, ommatidial formation in structures derived from the leg
disc. Thus, if dac induction of ectopic retinal development is
mediated by and requires ey function, then only low levels of
ey are required for this process. Alternatively, dac may act
either downstream of ey or in a parallel pathway and not
require ey function in this regard.

Since dac is able to induce ectopic ey expression in the
antennal disc, dac can function as a positive regulator of ey.
Three lines of evidence suggest that dac also functions down-
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stream of ey. First, ey induces dac. Second, dac is not required
for ey expression and third, dac is required for ectopic eye
induction by ey. Thus, it is possible that dac and ey participate
in apositive regulatory feedback loop during eye development.
Thisisreminiscent of the regulatory relationships proposed for
wingless, hedgehog and engrailed in the establishment of
parasegmental boundaries in the Drosophila embryo (Hooper,
1994; Manoukian et a., 1995) and Sonic hedgehog and Fgf-4
in specifying growth and patterning of the vertebrate limb
(Laufer et al., 1994; Niswander et al., 1994). Whether Dac and
Ey each act directly or indirectly to control transcription of the
other remains to be determined. Since dac is expressed in a
wide variety of tissues and locations where ey is not, including
the antennal, leg and wing discs, it is clear that neither geneis
solely necessary or sufficient for expression of the other.
Moreover, the nature of the regulatory relationship between
dac and ey must depend upon the local cellular environment.

Targeted expression of dac using dpp-GAL4 induces ectopic
retinal development in about 20% of antennal discs and, to a
lesser extent, in leg and wing discs. In contrast, targeted
expression of ey in the same manner isableto direct retinal devel-
opment in al imagina discs with complete penetrance. This
suggests that ey may induce the expression of one or afew other
genes that facilitate eye development and that are not efficiently
induced by dac. However, neither gene is able to induce pho-
toreceptor development in dl cellsin which it is expressed. For
example, ectopic dac expression is unable to efficiently induce
retinal development along any part of the A-P compartment
boundary of the wing imaginal disc. Similarly, targeted ey
expression fails to induce photoreceptor development along the
ventral portion of the A-P compartment boundary of the wing
disc (data not shown). These results suggest that dac and ey do
not act alone in the control of gene expression or retinal cell-fate
specification. Instead, these genes are likely to require the coop-
eration of, or be inhibited by, other factors that are expressed in
a spatialy or temporally restricted pattern during development.
Genesacting early inretinal development are potential candidates
for such factors, and include dpp, sine oculis (so) and eyes absent
(eya). Both so and eya encode nuclear proteinsthat are expressed
early in the eye imaginal disc and are required for normal eye
development (Bonini et a., 1993; Cheyette et al., 1994). Further
experiments examining the relationships among these and other
genes will be required to decipher the molecular and genetic
mechanisms controlling retinal cell-fate specification.

Although a vertebrate homolog of dac has not been identi-
fied, highly conserved dac homologs have been isolated from
severa invertebrate species, including Drosophila virilis, the
flour beetle Tribolium and the butterfly Precis coenia. The
amino acid sequences predicted from these dac homologs are
60 to 85% identical to the Drosophila melanogaster Dac
protein (W. Shen, G. Mardon, unpublished dataand T. Heanue
and C. Tabin, persona communication). Since these species
are 60 to 250 million years diverged from Drosophila
melanogaster and most of the known genes required for eye
development in Drosophila are highly conserved in ver-
tebrates, it is likely that one or more vertebrate homologs of
dac exists (Beverley and Wilson, 1984).

We thank Hugo Bellen, Andrea Brand, Kwang Choi, Walter
Gehring, Corey Goodman, Georg Halder, Tiffany Heanue, Ulrike
Heberlein, Kevin Moses, Norbert Perrimon, Gerry Rubin, Cliff Tabin,



52 W. Shen and G. Mardon

and the Bloomington Drosophila Stock Center for generously
providing fly stocks, plasmid DNAS, antibodies, protocols and unpub-
lished data. We also acknowledge Hugo Bellen and Yuchun He for
help with fly transformations, Joiner Cartwright, Susan Robbins,
Mary Hsiao, John Hicks and Jim Barrish for assistance with scanning
electron microscopy, Thurl Harris for help in plasmid construction
and Zhihuan Zhang for fly work and disc staining and Hugo Bellen,
Kwang Choi and Jim Musser for comments on the manuscript. This
work was supported by grants from the National Eye Institute (RO1
EY 11232-01), the Baylor Mental Retardation Research Center (P30
HD?24064) and the Retina Research Foundation.

REFERENCES

Bader, K. and Struhl, G. (1994). Compartment boundaries and the control of
Drosophila limb pattern by Hedgehog protein. Nature 368, 208-14.

Beverley, S. M. and Wilson, A. C. (1984). Molecular evolution in Drosophila
and the higher Dipterall. A timescalefor fly evolution. J. Mol. Evoal. 21, 1-13.

Blackman, R. K., Sanicola, M., Raftery, L. A., Gillevet, T. and Gelbart, W.
M. (1991). An extensive 3' cis-regulatory region directs the imaginal disk
expression of decapentaplegic, a member of the TGF-beta family in
Drosophila. Development 111, 657-66.

Bonini, N. M. and Choi, K. W. (1995). Early decisions in Drosophila eye
morphogenesis. Current Opinion in Genetics and Development 5, 507-15.
Bonini,N.M., Leiserson, W. M. and Benzer, S. (1993). The eyes absent gene:
genetic control of cell survival and differentiation in the developing

Drosophila eye. Cell 72, 379-95.

Brand, A. H. and Dormand, E. L. (1995). The GAL4 system as a tool for
unraveling the mysteries of the Drosophila nervous system. Current Opinion
in Neurobiology 5, 572-8.

Brand, A. H. and Perrimon, N. (1993). Targeted gene expression as a means
of atering cell fates and generating dominant phenotypes. Devel opment 118,
401-15.

Cheyette, B. N., Green, P. J., Martin, K., Garren, H., Hartenstein, V. and
Zipursky, S. L. (1994). The Drosophila sine oculis locus encodes a
homeodomain-containing protein required for the development of the entire
visual system. Neuron 12, 977-96.

Cohen, S. M. (1993). Imagina Disc Development. In The Development of
Drosophilamelanogaster. (ed. M. Bateand A. Martinez Arias). pp. 747-841.
Plainview, NY: Cold Spring Harbor Laboratory Press).

Glaser, T., Walton, D. S. and Maas, R. L. (1992). Genomic structure,
evolutionary conservation and Aniridia mutations in the human Pax6 gene.
Nature Genetics 2, 232-9.

Halder, G., Callaerts, P.and Gehring, W. J. (1995). Induction of ectopic eyesby
targeted expression of the eyeless genein Drosophila. Science 267, 1788-92.
Heberlein, U. and Moses, K. (1995). Mechanisms of Drosophila retinal

morphogenesis: the virtues of being progressive. Cell 81, 987-90.

Heberlein, U., Singh, C. M., Luk, A. Y. and Donohoe, T. J. (1995). Growth
and differentiation in the Drosophila eye coordinated by hedgehog. Nature
373, 709-11.

Hill, R. E., Favor, J., Hogan, B. L., Ton, C. C., Saunders, G. F., Hanson, |.
M., Prosser, J., Jordan, T., Hastie, N. D. and van Heyningen, V. (1991).
Mouse small eye results from mutations in a paired-like homeobox-
containing gene. Nature 354, 522-5.

Hooper, J. E. (1994). Distinct pathways for autocrine and paracrine Wingless
signaling in Drosophila embryos. Nature 372, 461-4.

Hortsch, M., Patel, N., Bieber, A., Traquina, Z. and Goodman, C. (1990).
Drosophila Neurotactin, a surface glycoprotein with homology to serine
esterases, is dynamically expressed during embryogenesis. Development
110, 1327-1340.

Ingham, P. W. (1995). Signaling by Hedgehog family proteinsin Drosophila
and vertebrate development. Current Opinion in Genetics and Devel opment
5, 492-8.

Johnson, R. L., Riddle, R. D., Laufer, E. and Tabin, C. (1994). Sonic
hedgehog: a key mediator of anterior-posterior patterning of the limb and
dorso-ventral patterning of axial embryonic structures. Biochem. Soc. Trans.
22,569-74.

Jordan, T., Hanson, |., Zaletayev, D., Hodgson, S., Prosser, J., Seawright,
A., Hastie, N. and van Heyningen, V. (1992). The human Pax6 gene is
mutated in two patients with Aniridia. Nature Genetics 1, 328-32.

Kim, J., Sebring, A., Esch, J. J., Kraus, M. E., Vorwerk, K., Magee, J. and
Carroll, S. B. (1996). Integration of positional signalsand regulation of wing
formation and identity by Drosophila vestigial gene. Nature 382, 133-138.

Kimmel, B. E., Heberlein, U. and Rubin, G. M. (1990). The homeo domain
protein Rough is expressed in a subset of cellsin the developing Drosophila
eyewhereit can specify photoreceptor cell subtype. Genes Dev. 4, 712-27.

Koopman, P., Gubbay, J., Vivian, N., Goodfellow, P. and L ovell-Badge, R.
(1991). Male development of chromosomally femalemicetransgenic for Sry.
Nature 351, 117-21.

Laufer, E., Nelson, C. E., Johnson, R. L., Morgan, B. A. and Tabin, C.
(1994). Sonic Hedgehog and Fgf-4 act through a signaling cascade and
feedback loop to integrate growth and patterning of the devel oping limb bud.
Cell 79, 993-1003.

Lee J. J., EKkker, S. C., von Kesder, D. P., Porter, J. A., Sun, B. |. and
Beachy, P. A. (1994). Autoproteolysis in Hedgehog protein biogenesis.
Science 266, 1528-37.

Ma, C. and Moses, K. (1995). wingless and patched are negative regulators of
the morphogenetic furrow and can affect tissue polarity in the developing
Drosophila compound eye. Development 121, 2279-89.

Mandel, M. A. and Yanofsky, M. F. (1995). A gene triggering flower
formation in Arabidopsis. Nature 377, 522-4.

Manoukian, A. S, Yoffe, K. B., Wilder, E. L. and Perrimon, N. (1995). The
porcupine gene is required for wingless autoregulation in Drosophila.
Development 121, 4037-44.

Mardon, G., Solomon, N. M. and Rubin, G. M. (1994). dachshund encodes a
nuclear protein required for normal eye and leg development in Drosophila.
Development 120, 3473-86.

Moses, K., Ellis,M. C. and Rubin, G. M. (1989). Theglassgene encodesazinc-
finger protein required by Drosophila photoreceptor cells. Nature 340, 531-6.

Moses, K. and Rubin, G. M. (1991). glass encodes a site-specific DNA-
binding protein that is regulated in response to positional signals in the
developing Drosophila eye. Genes Dev. 5, 583-93.

Niswander, L., Jeffrey, S., Martin, G. R. and Tickle, C. (1994). A positive
feedback loop coordinates growth and patterning in the vertebrate limb.
Nature 371, 609-12.

Perrimon, N. (1995). hedgehog and beyond. Cell 80, 517-20.

Quiring, R., Walldorf, U., Kloter, U. and Gehring, W. J. (1994). Homology
of the eyeless gene of Drosophila to the Small eye genein miceand Aniridia
in humans. Science 265, 785-9.

Robinow, S. and White, K. (1991). Characterization and spatial distribution of
the Elav protein during Drosophila melanogaster devel opment. J. Neurobiol.
22, 443-61.

Rubin, G. M. and Spradling, A. C. (1982). Genetic transformation of
Drosophila with transposable element vectors. Science 218, 348-53.

Sekelsky, J. J., Newfeld, S. J., Raftery, L. A., Chartoff, E. H. and Gelbart,
W. M. (1995). Genetic characterization and cloning of mothers against dpp,
a gene required for decapentaplegic function in Drosophila melanogaster.
Genetics 139, 1347-58.

Staehling-Hampton, K., Jackson, P. D., Clark, M. J,, Brand, A. H. and
Hoffmann, F. M. (1994). Specificity of bone morphogenetic protein-related
factors: cell fate and gene expression changes in Drosophila embryos
induced by decapentaplegic but not 60A. Cell Growth Differ.5, 585-93.

Thaker,H.M.and Kankel, D. R. (1992). Mosaic analysisgives an estimate of
the extent of genomic involvement in the devel opment of thevisual systemin
Drosophila melanogaster. Genetics 131, 883-94.

Tomlinson, A. and Ready, D. F. (1987). Cell fate in the Drosophila
ommatidium. Dev. Biol. 123, 264-275.

Ton, C. C., Hirvonen, H., Miwa, H., Well, M. M., Monaghan, P., Jordan,
T.,van Heyningen, V., Hastie,N.D., Meijers-Heijboer, H., Drechder, M.
and et al. (1991). Positional cloning and characterization of a paired box-
and homeobox-containing gene from the Aniridia region. Cell 67, 1059-74.

Treisman, J. E. and Rubin, G. M. (1995). wingless inhibits morphogenetic
furrow movement in the Drosophila eye disc. Development 121, 3519-27.

Weigel, D. and Nilsson, O. (1995). A developmental switch sufficient for
flower initiation in diverse plants. Nature 377, 495-500.

Wiersdorff, V., Lecuit, T., Cohen, S. M. and Mlodzik, M. (1996). mad acts
downstream of dpp receptors, revealing a differential requirement for dpp
signaling in initiation and propagation of morphogenesis in the Drosophila
eye. Development 122, 2153-2162.

Wolff, T. and Ready, D. F. (1993). Pattern Formation in the Drosophila
Retina. In The Development of Drosophila melanogaster. (ed. M. Bate and
A. Martinez Arias). pp. 1277-1326. Plainview, NY: Cold Spring Harbor
Laboratory Press.

(Accepted 11 October 1996)



