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ABSTRACT Vertebrate and invertebrate eye development
require the activity of several evolutionarily conserved genes.
Among these the Pax-6 genes play a major role in the genetic
control of eye development. Mutations in Pax-6 genes affect
eye development in humans, mice, and Drosophila, and misex-
pression of Pax-6 genes in Drosophila can induce ectopic eyes.
Here we report the identification of a paired-like homeobox
gene, DRx, which is also conserved from flies to vertebrates.
Highly conserved domains in the Drosophila protein are the
octapeptide, the identical homeodomain, the carboxyl-
terminal OAR domain, and a newly identified Rx domain. DRx
is expressed in the embryo in the procephalic region and in the
clypeolabrum from stage 8 on and later in the brain and the
central nervous system. Compared with eyeless, the DRx
expression in the embryo starts earlier, similar to the pattern
in vertebrates, where Rx expression precedes Pax-6 expres-
sion. Because the vertebrate Rx genes have a function during
brain and eye development, it was proposed that DRx has a
similar function. The DRx expression pattern argues for a
conserved function at least during brain development, but we
could not detect any expression in the embryonic eye primor-
dia or in the larval eye imaginal discs. Therefore DRx could
be considered as a homolog of vertebrate Rx genes. The Rx
genes might be involved in brain patterning processes and
specify eye fields in different phyla.

The development of the eye is a process requiring precise
patterning and cell fate decisions. This is most obvious in the
Drosophila compound eye with its hexagonal array of approx-
imately 800 ommatidia (1). Already in the embryo the imaginal
primordia for the eye are set aside and proliferate during larval
stages to form the eye–antennal imaginal discs. These discs
develop during metamorphosis into adult eye structures and
parts of the head. During early stages of eye development a
large number of different transcription factors contribute to
the pattern formation processes (2). Many of them belong to
the class of homeobox genes and Pax genes and are highly
conserved during evolution.

The most striking example is the functional conservation of
the Pax-6 genes during eye development. Pax-6 genes are
characterized by a 128-amino acid paired domain and a second
DNA-binding domain, a homeodomain. All Pax-6 genes iden-
tified so far seem to have a function during eye development.
This is demonstrated by the Small eye mutation in mice (3–5),
the Aniridia mutation in humans (6), and the eyeless mutation
in Drosophila (7). The hypothesis that eyeless is a master
control gene for eye development in Drosophila was put
forward on the basis of experiments showing that targeted
expression of the eyeless gene in different imaginal discs can

induce the formation of ectopic eyes on legs, wings, and
antennae (8). In addition, Pax-6 genes from mouse, ascidians,
and squid can fulfil the same function and induce ectopic eyes
in Drosophila. (8–10).

In addition to Pax-6 genes, other genes expressed during
early eye development are conserved between flies and ver-
tebrates, such as the homeobox gene sine oculis (11, 12) and the
nuclear gene eyes absent (13) in Drosophila. These genes are
downstream of eyeless, suggesting that a large part of the
genetic cascade regulating eye development has been con-
served (14). Recently another vertebrate homeobox gene, Rx
(15, 16) or rax (17), was identified. It belongs to the class of
paired-like homeobox genes and is expressed in the forebrain
and in the developing retina. Misexpression experiments with
the Xenopus Rx gene result in the production of ectopic retinal
tissue in the frog. Even more informative are mouse embryos
carrying a null allele of the Rx gene: these animals do not form
optic cups and as a consequence do not develop eyes (16). This
phenotype is similar to Small eye and argues for a important
role of the Rx genes in the establishment and maintenance of
the retinal fate.

Here we describe the isolation of an Rx gene from Dro-
sophila, referred to as DRx. The homeodomains of the Dro-
sophila and the Xenopus Rx genes are identical, suggesting that
DRx is a homolog of the vertebrate Rx genes. The Drosophila
gene is expressed during early embryonic development in the
procephalic region and the clypeolabrum and later in the brain
and the central nervous system. The sequence conservation
and expression pattern of DRx suggest an important role of the
gene during brain development in Drosophila. However, no
expression has been detected in the eye primordia of the
embryo or in larval eye imaginal discs.

MATERIALS AND METHODS

General Methods. Isolation of DNA from l phages and
plasmids, restriction endonuclease digestions, gel electro-
phoresis of DNA, labeling of DNA, and Southern blot analysis
were performed as described by Sambrook et al. (18). The
phage l W60 was isolated from a genomic Drosophila Can-
ton-S library prepared in the EMBL4 vector (kindly provided
by V. Pirrotta, Univ. of Geneva, Switzerland), the other
genomic phages were isolated from a genomic ey2 library in
the l Fix vector (7). Genomic DNA fragments isolated from
phages were subcloned in Bluescript vectors (Stratagene).

Isolation of cDNAs. Embryonic and larval oligo(dT)-primed
cDNA was synthesized by using the Marathon cDNA ampli-
fication kit (CLONTECH). Starting materials was poly(A)1
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RNA from the Drosophila strain Canton-S (CLONTECH).
The DRx cDNAs were amplified by PCR using gene-specific
primers. Additional 59 and 39 rapid amplification of cDNA
ends (RACE) reactions were performed to obtain longer
cDNA clones. All cDNA clones isolated by PCR were sub-
cloned in the pCR2.1 vector (Invitrogen) by means of AT
cloning.

DNA Sequencing and Sequence Analysis. DNA was se-
quenced by the dideoxynucleotide procedure of Sanger et al.
(19). Sequencing was done on both strands of the DNA with
the Sequenase Version 2.0 DNA sequencing kit from United
States Biochemical. Overlapping deletions were generated by
using the exonuclease III–S1 method as described by the
supplier (Pharmacia). In addition, gene-specific primers de-
duced from previously determined sequences were used. Se-
quences were analyzed by using the HUSARyGCG sequence
analysis software package from the University of Heidelberg.

In Situ Hybridization. In situ hybridization to whole mount
embryos was performed as described by Tautz and Pfeif le (20)
with modifications (21). In the labeling reaction, a random
primer concentration of 5 mgyml was used and the reaction
was incubated overnight at 14°C, then 2 units of the Klenow
fragment of DNA polymerase were added, and the reaction
was allowed to continue for 4 h at room temperature. The
anti-digoxigenin antibody was preabsorbed with a large vol-
ume of fixed embryos in a 1:100 dilution overnight at 4°C.

RESULTS

Identification of the W60 Locus. In an attempt to analyze the
59 region of the Orthopedia gene (ref. 22; U.W., U. Kloter, and
W.J.G., unpublished results) in section 57B of the second
chromosome, we isolated additional genomic phages and
performed in situ hybridization experiments to determine the
presence of nearby transcription units. Using two central
EcoRI fragments of 7.5 and 3.5 kb from phage lW60 (Fig. 1)
located 11 kb upstream of the Orthopedia gene revealed
identical expression patterns in Drosophila embryos. The
expression patterns were distinct from those of Orthopedia,
indicating that there was a neighboring gene, which we named
W60. In contrast to the EcoRI fragments mentioned above, the
two adjacent EcoRI fragments of lW60 were negative in these
experiments. W60 signals were detected in the procephalic
region from stage 8 on and later in the brain, roughly in a
region from which the primordia of the eye–antennal discs
originate. This opened the possibility that W60 might be
involved in eye development, possibly as a regulator of eyeless.

Preliminary sequence analysis of the 3.5-kb genomic EcoRI
fragment identified a longer ORF including an M or opa

repeat (23, 24), characteristic for developmentally regulated
genes and suggested that the sequence might derive from an
exon of the W60 gene.

Isolation of W60 cDNAs by PCR. Because the isolation of W60
cDNAs from a 3- to 12-h embryonic cDNA library with the 3.5-kb
EcoRI fragment failed, a PCR approach was pursued. First,
oligo(dT)-primed cDNA pools from embryonic and third instar
larvae mRNA were generated with the Marathon cDNA ampli-
fication kit. Then primers were designed within the previously
identified ORF and a 600-bp fragment from the embryonic
cDNA pool was PCR amplified. With the information that the
600-bp region is indeed part of a W60 cDNA, we performed 59
RACE and 39 RACE reactions to isolate longer cDNAs. Several
cDNA clones overlapping in the 600-bp region were identified
and further characterized. Two cDNA clones from the 39 RACE
experiments differed in length by 0.4 kb, presumably representing
alternatively spliced cDNA forms. The different types of cDNA
clones were sequenced on both strands, and the resulting se-
quences were combined. To minimize errors in the cDNA
sequence because of the multiple PCR amplifications, we de-
signed gene-specific primers and determined the genomic se-
quence in parallel. This allowed us to analyze the exon–intron
boundaries exactly (Fig. 1).

Sequence Conservations and Gene Structure of DRx. Two
alternatively spliced transcripts of W60 were detected. The
combined cDNA sequence of the longer splice form DRx 1 has
a total length of 3.2 kb. The complete nucleotide sequence and
the deduced amino acid sequence are shown in Fig. 2. The
ORF starts at position 269, terminates at position 2974, and
encodes a protein of 902 amino acids with a predicted molec-
ular weight of 95,757 and an isoelectric point (pI) of 6.81. The
sequence preceding the ATG fits only poorly to the consensus
translation initiation sequence (25). The termination codon
TAG found at position 903 is followed by a putative polyad-
enylation signal (AATAAA) and a 26-nucleotide poly(A)
tract. In the carboxyl-terminal part of the deduced protein
sequence, a paired-like homeodomain was identified which is
100% identical to the homeodomain of the Rx gene from
Xenopus laevis, 98% identical to the Rx gene from mouse, and
97% identical to the Rx gene from zebrafish (Fig. 3B).
Therefore, the gene we isolated is a Drosophila homolog of the
vertebrate Rx genes, presumably the same gene as that men-
tioned by Mathers et al. (16). The same homeodomain se-
quence was also reported as bk50 in a screen for homeodomain
proteins binding to a common Engrailed binding site (26). In
contrast to paired-type homeodomains found in Pax genes that
share a characteristic serine residue at position 50, paired-like
homeodomains have a glutamine at this position. According to
Mathers et al., we renamed W60 as DRx. Like the vertebrate

FIG. 1. Molecular organization of the DRx locus. A restriction map of the cloned region from the DRx locus in section 57B of the second
chromosome is shown. The extent of the isolated phages and the location of the two EcoRI fragments used to identify the gene are diagrammed
above the restriction map. The seven exons of the DRx transcription unit and the two different cDNA forms are shown below the restriction map.
Noncoding regions are indicated by white boxes, coding regions by black boxes. Restriction endonuclease sites: B, BamHI; E, EcoRI; H, HindIII;
S, SalI; Xb, XbaI; Xh, XhoI.
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genes, DRx has an octapeptide sequence in the amino-
terminal part (Fig. 3C) and an OAR domain at the carboxyl
terminus (Fig. 3E). Additional sequence conservations are
found at the amino and carboxyl termini of the homeodomain
and in a region between the homeodomain and the OAR
domain. We designate this latter region as the Rx domain (Fig.

3D). However, the total DRx protein is more than twice as long
as the corresponding proteins in vertebrates (Fig. 3A) and very
rich in alanine (8.4%), glycine (9.9%), serine (10.4%), threo-
nine (4.9%), and proline (10.0%) (% values are molar).
Glutamine (7.8%) is mainly present in the form of an M or opa
repeat.

FIG. 2. Nucleotide and deduced amino acid sequence of the DRx homeobox gene. Nucleotides and amino acids of the cDNA DRx1 are numbered
on the left side. The homeodomain, the octapeptide, and the OAR domain are boxed, and the Rx domain is underlined by a thick bar. The splice
sites are indicated by arrowheads. The alternatively used splice site is indicated by an open arrowhead and the putative polyadenylation signal is
underlined.
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The genomic organization of DRx was analyzed by Southern
blots with the cDNA as a probe to identify the various exon
positions. The exon–intron boundaries were then determined
by sequencing. For the 39 part of the gene additional genomic
phages were isolated, because this region was not represented
in the initial phage lW60. The transcription unit of the DRx
gene consists of seven exons spanning a genomic region of at
least 18 kb (Fig. 1). The transcription initiation site remains to
be determined. The homeodomain comprises two exons with
an intron at position 44, a very common splice position for
homeodomain proteins. The intron size between the two
homeodomain exons is about 9 kb. Alternative splicing in the
39 part of the gene results in a putative protein form that is 130
amino acids shorter (Fig. 2). Using gene-specific primers, we
PCR amplified the regions between the different exons from
embryonic as well as larval cDNA, but we could not find splice
forms other than the ones already described.

DRx Expression. Drosophila embryos were examined for
DRx expression by whole mount in situ hybridization. During
the early stages of embryonic development, the syncitial and
cellular blastoderm stage, no signals were detected. With the

onset of gastrulation and germ-band extension at early stage 8
the first expression is seen in two dorsolateral spots in the
procephalic region (Fig. 4B). At the end of stage 8 an
additional signal is visible in a dorsal region (Fig. 4A) that later
on will gives rise to the clypeolabrum. The DRx expression
becomes more pronounced at stage 9, when the dorsolateral
spots are increasing in size (Fig. 4 C and D). During extended
germ-band stage, when the clypeolabrum becomes a distinct
structure of the procephalon, cells expressing DRx are moving
closer to the midline, and an additional expression in cells of
the central nervous system is detected (Fig. 4 E and F). During
stage 12, when the germ-band retracts and metamerization is
clearly visible, the optic lobe starts to invaginate. The cells
expressing DRx in the procephalon move even closer together,
and the expression pattern splits at this stage and the clypeo-
labrum expression extends more laterally (Fig. 4 G–J). Because
of the morphogenetic movements during head involution,
DRx-positive cells in the clypeolabrum move inside the em-
bryo (Fig. 4 K–N). At this stage expression is observed in the
antennomaxillary complex. Staining in the medial edges of the
two brain lobes, in the clypeolabrum, and in the antennomax-

FIG. 3. Comparison of amino acid sequences of Drosophila and vertebrate Rx genes. (A) Schematic presentation of putative domains in the
DRx and Xenopus Rx1 proteins. (B–E) Amino acid comparisons are shown between the homeodomain (B), octapeptide (C), Rx domain (D), and
OAR domain (E) of DRx and vertebrate Rx genes from Xenopus laevis (XRx1), mouse (MRx1), and zebrafish (ZRx1 and ZRx3).

FIG. 4. Spatial distribution of DRx transcripts during Drosophila embryogenesis. Stages were determined according to Campos-Ortega and
Hartenstein (42). In all views anterior is to the left (360). (A and B) Lateral and dorsal views, respectively, of a stage 8 embryo. (C and D) Lateral
and dorsal views of a stage 9 embryo. (E and F) Lateral and dorsal views of a stage 11 embryo. (G and H) Lateral and dorsal views of a stage
12 embryo. (I and J) Lateral and dorsal views of a stage 13 embryo. (K and L) Lateral and dorsal views of a stage 14 embryo. (M and N) Lateral
and dorsal views of a stage 15 embryo. (O and P) Lateral and dorsal views of a stage 17 embryo.

2346 Developmental Biology: Eggert et al. Proc. Natl. Acad. Sci. USA 95 (1998)



illary complex is then seen until the end of embryogenesis
(Fig.4 O and P). DRx expression in the brain is similar to that
of eyeless, but the expression patterns are not completely
overlapping. However, in contrast to eyeless, no staining of the
eye disc primordia per se is observed, when they become
distinct structures during stage 16 (Fig. 5 A and B), nor is DRx
expressed in imaginal discs of third-instar larvae (Fig. 5 C and
D).

DISCUSSION

DRx Is a Drosophila Homolog of Vertebrate Rx Genes. In this
paper we describe the identification of a Drosophila homolog
of vertebrate Rx genes. These genes encode highly conserved
paired-like homeodomain proteins that are characterized by
an octapeptide and the OAR domain, which might represent
a transactivation domain (17). The Drosophila Rx gene en-
codes a protein that is more than twice as large as the
vertebrate proteins, a feature that is also found in the Dro-
sophila homologs of other vertebrate genes such as Pax-6y
eyeless (7) or Pax-2ysparkling (27). Besides the already known
highly conserved domains we identified another conserved
region in the different proteins, the Rx domain. Rx genes
isolated to date from mice and Drosophila seem to be single-
copy genes, whereas Xenopus has two genes and the zebrafish,
three (16).

The vertebrate Rx genes show an astonishing conservation
of their expression patterns and probably of their function too.
In mice the Rx gene is expressed at E7.5 (embryonic day 7.5)
in the cephalic neural fold, at E8.5 in the forebrain region and
the optic placodes, whereas from E10.5 on it is restricted to the
developing eye and in later stages to the neuroretina. A similar
expression pattern is seen in Xenopus in the forebrain, the optic
cups, and later also in the neuroretina. In the zebrafish
different functions seem to be fulfilled by the three different
genes, because only two genes (ZRx1 and ZRx2) are expressed
in the developing retina, and one gene (ZRx3) is expressed in
the forebrain. By sequence comparison we cannot definitively
say to which of the three genes DRx is most closely related.

Most informative for determining the function of Rx genes
are loss of function mutants in mice and ectopic expression

experiments in Xenopus. MRx null mutant mice have no visible
eye structures, because the optic cups do not form and anterior
brain structures are lacking. In contrast, ectopic expression of
XRx in Xenopus embryos demonstrates the capacity of XRx to
induce ectopic retinal pigment epithelium in the proximity of
the anterior neural tube (16). The expression pattern of the
DRx gene argues for similar function of this gene. As in
vertebrates, DRx is expressed already in the early embryo in
the procephalic region from which the eye primordia may
originate.

Expression of DRx During Embryonic Brain Development.
Judging from the pattern of gene expression, a major function
of DRx might be in brain development as found for the
vertebrate homologs. In contrast to the ventral nerve cord,
brain development in Drosophila is not so well understood.
Because of the absence of morphological landmarks it is more
difficult to assign individual brain neuromeres to specific
segments and to determine which genes products control
different processes of brain development. The establishment of
a fate map for brain neuroblasts (28) and the analysis of
phenotypes from genes expressed in the brain indicated that
head gap genes such as buttonhead (29), empty spiracles (21),
orthodenticle (30), and tailless (31) not only function in pat-
terning processes of the epidermis but also play an important
role in regionalizing the brain (32, 33). All these genes have
overlapping expression domains in broad areas early during
development, but their expression domains become much
more distinct during germ-band extension. At this stage ex-
pression is seen in overlapping sets of brain neuroblasts, and
mutations in head gap genes lead to specific defects in these
groups of cells (32, 33). Because all of the head gap genes are
expressed much earlier than DRx, they might be regulators of
DRx during brain development. tailless is expressed in all
protocerebral neuroblasts, and these neuroblasts are absent in
tailless loss-of-function mutations (34). The originally uniform
expression of tailless in the procephalic region is not uniform
anymore during gastrulation and has centrally located high
level (HL) and surrounding low level (LL) expression domains
(33). This expression would argue for a subdivision of the brain
or a specification of defined structures by different levels of
tailless protein because the different expression domains are
also regulated by different cis-regulatory elements in the
tailless promoter (35). When one compares the expression of
DRx at stage 9y10 with the expression of tailless, DRx is found
only in a subset of the tailless-expressing cells. These cells
seems to be in the HL tailless domain, an area of the brain
where the first neuroblasts delaminate from the central pro-
tocerebral neuroectoderm. The head gap gene orthodenticle
also is expressed in most protocerebral neuroblasts, and mu-
tations in the orthodenticle gene also result in the absence of
most structures of the protocerebrum (32, 33). Because DRx
has a much more restricted expression domain compared with
orthodenticle and tailless, it might act as a transcription factor
to activate specific target genes in a defined subdomain of the
brain.

Functional Conservation of Rx Genes During Evolution. It
is known that a variety of genes, most of them encoding
transcription factors, are necessary for eye development in
Drosophila and vertebrates (2). Among these Pax-6yeyeless
seems to be extraordinary because of its capacity to induce
ectopic eyes. In Drosophila it was shown that the homeodomain
protein sine oculis and the nuclear protein eyes absent function
downstream of eyeless (14, 36) during eye development,
whereas in the embryo sine oculis acts in parallel to eyeless (14).
Both genes are necessary for ectopic and normal eye devel-
opment and are independent targets of eyeless (14). In verte-
brates there are three eyes absent homologs (37) and three sine
oculis homologs (38). All three vertebrate eyes absent genes are
expressed in the developing eye, and their expression patterns
partially overlap with Pax-6 and depend on Pax-6 expression in

FIG. 5. Comparison of DRx and eyeless expression in embryos and
imaginal discs. (A) eyeless expression in a stage 16 embryo is visible in
the brain and the embryonic eye primordia (arrows). (B) DRx
expression is seen in the brain, but not in the embryonic eye primordia
(arrows). (C) eyeless is expressed in the anterior part of the eye disc.
(D) No DRx expression is visible in eye–antennal imaginal discs. [A
and B, 3180; C and D, 370.]
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the lens and the nasal placode. From the three sine oculis
homologs only Six3 is expressed during eye development (39),
but an epistatic relationship between Pax-6 and Six3 cannot be
determined because the optic vesicle, where Six3 is expressed
in normal embryos, degenerates in Small eye mutant mice.
Nevertheless, all the available comparative data argue for a
conserved morphogenetic pathway during eye development
involving Pax-6 and its target genes Eya and Six3.

How does the expression of Rx genes correlate with their
putative function in the genetic cascade mentioned above?
Compared with Pax-6, the expression of the mouse Rx gene in
the forebrain is much more restricted to cells that contribute
to the optic vesicles. Other vertebrate genes known to be
expressed in the anterior neural plate and neural fold, such as
otx2 (40), the vertebrate homolog of orthodenticle, and Six3,
have larger expression domains as compared with Rx and are
involved in additional patterning processes. Because Rx is
expressed earlier than Pax-6, it was proposed that Rx might
directly or indirectly regulate Pax-6 during optic vesicle for-
mation (17).

DRx expression starts also earlier than eyeless expression in
Drosophila embryos, and the expression domains of both genes
partially overlap in the head region. Because of the early
expression pattern of DRx at stage 10, Mathers et al. (16)
proposed that this expression would be in the eye disc primor-
dia and implied that the function of Rx genes during eye
development might be conserved from vertebrates to inverte-
brates. However, we have recently identified a second Pax-6
gene in Drosophila called twin-of-eyeless (T. Czerny, G. Halder,
P. Callaerts, U. Kloter, W.J.G., and M. Busslinger, unpub-
lished results) that is expressed at the blastoderm stage, earlier
than DRx, which makes it unlikely that DRx acts upstream of
Pax-6. Furthermore, it is not clear from which cells the eye disc
primordia originate, because of their composite origin and the
absence of specific markers that would allow one to trace them
back to their origin. The earliest known markers are expressed
at stage 14, and even then the assignment is tentative (41). At
stage 16, when the embryonic eye disc primordia are morpho-
logically visible and show strong eyeless expression, DRx
expression is not detectable in these structures (Fig. 5), but the
gene is still expressed in the brain. We cannot exclude the
possibility of an earlier expression in the eye precursor cells.

Alternatively, only the DRx function in the brain might be
evolutionarily conserved. Rx mutant mouse embryos lack the
forebrain in severe cases, and the midbrain is also affected.
DRx, on the other hand, is expressed in the protocerebrum, the
most anterior portion of the Drosophila brain. This expression
is in a comparable region of the brain, but the determination
of DRx function awaits the analysis of DRx mutants. Of course
we cannot rule out the possibility of a second Rx homolog in
Drosophila that, as in zebrafish, might take over the eye specific
function.

The different modes of eye development in vertebrates and
Drosophila also could account for differences between Rx
genes and DRx expression. However, the fact that DRx
expression is confined to the brain suggests that its main
function is in brain rather than eye development.
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