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ABSTRACT We have isolated the homeobox gene rough
(ro) from Drosophila virilis. Comparison of the predicted amino
acid sequences of the D. melanogaster and D. virilis rough
proteins reveals that domains of high conservation, including
the homeodomain, are interspersed with highly diverged re-
gions. Stretches of significant sequence conservation are also
observed in the 5’ promoter region and in the introns. The D.
virilis rough gene rescues the rough mutant phenotype and is
properly regulated when introduced into the D. melanogaster
genome. Thus the rough protein as well as the cis-regulatory
elements that ensure proper temporal and spatial regulation
are functionally conserved between these Drosophila species.

The compound eye of Drosophila consists of several hundred
units, or ommatidia, each containing a stereotyped arrange-
ment of photoreceptor, pigment, and cone cells. These om-
matidia develop during late larval and pupal life in the eye
imaginal disc, in a process that involves the recruitment of
undifferentiated epithelial cells into gradually growing om-
matidial clusters (for review see refs. 1 and 2). The rough (ro)
mutation disrupts cellular interactions at an early stage of
ommatidial assembly, leading to irregularly arranged clusters
containing variable numbers of photoreceptor cells (3).

The rough gene encodes a homeodomain protein (3, 35) and
is believed to specify the identity of a subset of photoreceptor
cells in the developing retina (4, S). The rough protein is
restricted to the eye imaginal disc, where it is expressed in a
complex and dynamic pattern (4). Unlike mutations in other
Drosophila homeobox genes, flies carrying complete loss-of-
function alleles of rough are viable (unpublished data). This,
together with the relatively small size of the rough gene,
provides a unique opportunity to study structure—function
relationships of a homeodomain protein in its natural devel-
opmental context.

As a first step to identify functionally relevant domains of
the rough protein, as well as cis-regulatory DNA sequences
required for proper regulation, we have compared the se-
quences of the rough genes from two distantly related Droso-
phila species, D. melanogaster and D. virilis.* These two
species are separated by an evolutionary period of =60 million
years (6), which is sufficiently distant for unconstrained DNA
sequences to have diverged extensively, allowing putative
functional elements to be identified by sequence conservation.
To test whether the observed conservation is of functional
importance, we introduced the D. virilis rough gene into the D.
melanogaster genome and analyzed its function.

MATERIALS AND METHODS
A genomic D. virilis library in bacteriophage A EMBL3 (ref.
7; a gift of M. Scott, Stanford University) was screened with
a full-length D. melanogaster rough cDNA (3). Hybridiza-

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked *‘advertisement
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

5916

tions were carried out at 42°C in 2x SSC (1x SSCis 0.15 M
NaCl/0.015 M sodium citrate, pH 7) containing 35% form-
amide, 0.1% Ficoll, 0.1% bovine serum albumin, 0.1% poly-
vinylpyrrolidone, and 100 ug of sonicated salmon sperm
DNA per ml. Washing conditions were 1x SSC/0.1% SDS,
50°C. Approximately one clone was obtained per genome
screened. DNA blot analysis of the isolated phage DNA
identified an 8-kilobase (kb) genomic Sal I fragment that
hybridized with the D. melanogaster rough ¢cDNA. This
fragment was subcloned into pBluescript KS(+) (Strata-
gene), and random clones were generated by sonication and
subcloning into phage M13. Sequencing was done by the
chain-termination method (8). Both strands were sequenced
except for two 100-base-pair (bp) regions in the first intron.
Sequences were compiled and analyzed using the IntelliGe-
netics and University of Wisconsin Genetics Computer
Group software packages.

The 8-kb DNA fragment containing the D. virilis rough
gene was cloned into the P-element transformation vector
pDM30 (9) and germ-line transformants were obtained by
standard techniques (10).

Antibody staining of eye imaginal discs with the rough
monoclonal antibody (MAbrol) was carried out exactly as
described (4). Fixation and sectioning of adult Drosophila
heads were performed as described (11).

RESULTS AND DISCUSSION

The D. virilis rough gene was isolated from a genomic library
by virtue of its cross-hybridization with a D. melanogaster
rough cDNA (see Materials and Methods). The regions of
homologous sequence in the two genes were found to be
completely contained within an 8-kb D. virilis Sal I fragment.
The DNA sequence of most of this genomic fragment is
shown in Fig. 1, which includes alignments with D. melano-
gaster protein-coding sequences. From the analysis of these
alignments we conclude that the D. virilis DNA fragment
contains all the protein-coding sequences, as well as =1 kb
each of 5’ and 3’ noncoding DNA. The D. melanogaster
rough protein is encoded by three exons. The DNA se-
quences of the splice sites and adjacent regions are conserved
in the two species, arguing that the overall genomic organi-
zation is the same. A dot-matrix comparison of the D. virilis
and D. melanogaster rough sequences is shown in Fig. 2.
Although the homologies are concentrated in the coding
regions, several stretches of highly conserved sequence are
observed in each intron. The conservation at the DNA level
in the three exons, calculated as percent nucleotide identity
relative to the total number of nucleotides in the D. mela-
nogaster sequence, is 46%, 81%, and 69% in the first, second,
and third exons, respectively. It is difficult to calculate the
overall conservation in the introns due to significant differ-
ences in their length. However, =20% of the sequence

*The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M35372).
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GTACCCGGGGATCCTCTAGAGTCGACCTTAACGAATTCGTGCACTTCCCGGAACTCGACATCGTTGAGCATCAGGGTCCAGACGTTGTCGCAGAAGCGATAGGTGTTCAGTTTTCCCGCTTTGAATGTAACG
CGAGCTTTAACCCTCTGATTAAGGGCGTTGTTAATGCTCTTGTCAAACTGCAGCAGCACCTTAAATGCCAATGCGGGCGTTATTTGTCCATACTGCAAATATGTTTAAAGTTAATCTGACGTCAAAATCGAC
ATTTTACATAAATAGCAAATGAAGTAACAAAAGGGGCCACAGCAAATGCAAGCCAATTTAACAATTGTTGACGATGTGAAAATGCAAAAATTTGACAAGACTTCGCCTGAGTCTGCGACGCAGCTGCTGCTG
CGGCCTGTTGGBAATTCGTTTTGTATCGGGCACGTAGCTTACCTGAATTAGTTCGTCAAGGCTCTCCTGTAGTGTATTGCCAAGCGTAGTGTTGCGATATAATTGATAAGACATGTTTGAGTCGCTAAATTC
TGGAAATTAAAAACTTATTTTATTGAGCAGCCAAAATGTATTGTAGCGATGTCAGTAAATGGCTATACTAAAATATTGTATCGATAGCTTAGATATTACGATATGCGATATATGAAACTAGCTCGATATATC
GATATATTTTATGCGATGTATTGTCAAATGCTGGCATTAACAATTTCTAACAATTTTAATACGCTTATCAAATTGTATTTTATTTATGTCTATTTTCGAATATATATAAATGTACCAGTAGATAGGTAATTA
AAACGATAAATTGAGAACATACAAATTAAAACTCGATAAGAGTAAGCCAAAAATGGAGTTACGTATCAATTAGCTTTCAAGCGCGCTGTGCTGCTGGCAACAATAGCTGCCAGCTATAGCTCACACGTACGA
AGTGGGCGGCGCTTATCCTTTTTGCTACCCTTGGAGGATACTTTGAAGCGGAAGTTGACTGAGGGTTGCACTGCAGCTGCAACCAATCAGCGCAACGCGTTGCTTGCTTCAGGTGTGGCGCCAATATTTTTT

1o
TATTAACCACAATTTTAAGCACCTTCTTGTCGATTTTAATGCGGCACATAATTTGTGACGCGCAAGATAAGCGCAAACGCTTGACCAAGACAAGCGACCGGTCAGTTTCGAAGTCGGAAGTAACGCCAGTTT
le
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LHAPTPDYSAYGAIANATLPPALSTFPAFSADZPHTINAGTEFSATF/L

ATCCGAGCAAGATTAAACACAAAAATCGACCTACAACTCATTTTACAAATATTTAATACGTATCCAACTATTTTAGTTCCAGTAAAGATTGAGAAAGAGTTAGTGAAAAGTTTTTTATAGAAAATTTAGAGC
GGAATAGAGATATTTGCAGATCTGGAGTGCACATATATCTATATAGCATATATATTAATTATTGTGGGATTCTTTATAATCGCATATAAAAACACTCTATGGTAATAATATGAAAGCTTTTGTGTTTTGATC
AAAACGTTTTAGGCAAAAGTAAATCTAATGTAAAGAGTTTGGTTGGAATACTTGGAAAGAGTCCTTGTTCCTAGAATCTCATCTATATAGCAGTTATATAATATGAAATTCTGTATAATGAAAAACCTGATT
BGATAAGTCGTTGCCATATAGGAACCTACACCGATCTCTCCTATAGCAGCTAGCTATATGATAAGCTTGTCCCATGTTCATAGAAATTTCCCTATGAGGATCATAATGGAACTACTAGAACTATCAAGTTACC
CYAATATAAAAATAGGTTTCCAACTTTTCGATCAAACTTTCCTATAGCAGCTATATGATATGGCTAGCCGATGTTGATAAGATTTTGCATACATATAGGGCACGTTCTTAAACTTATAAATGCCAAGTTTAG
GTAGGATATCTTCTGCTTTTGETCCBATCGTTCCTATGGCAACTGTATAATATAGTGGTCCGATCCGCCCAGTTCCGACTGAGAGGCAAGT TCGCATAGAAACAGACGGACCGACTTGGCTGTTGGCACTGA
TCAGGAATATATATACTTTATGTGGTCGAAGTTATAATACCCTCTATAATACCCTACATAACAAGGAATAAAAAAACTTTCTGAATACGATTCGCTCATCCCAATGAAATGAAAGATGTTAAAAAGATTTAC
TAAAATCTTAAATGATAGAAAAACAACGGTCGTAGCTTTAAGATTTGGTACATTACCCAAAAAGCAGTCAAAAATACTTCTAAGGGTGACCCAGAAAATAAGTTTAATTAAAGAAAAAGGGAGATACTCCAG
TTTAACACTTAACCATTATCTAATCATATTTTATAATTGAAATTTCGGCAATTCTTAGTAGAATCAAGAATTTTCATTCGGATATTATAGGGTATTTAATTATTAAAAAACGGCTTTAGATAGATTTGGGAA
ATTAATTGCCTTAATTGAACCTGGAATATTTCTATATACAGCCGATTTTCAACTCACCAACTGTGTTGTATAGTGTATTTATATGGTCGAGCGAAACGTTAAGCATATCAATAGACAAGACACCTTCGATGA
CATGTCATTAAGCTTGTCTTGCAAGCTGAC6CCAGGGCATAGATCGGATTGCAGCCTATTCCCTTAACATGTCCGATTGATTGTTGTTGATATAGATGTTGTTCCTTTCAGATCAGTTAAAATTAATTTGGT
TATGGCATAATCGAATTTTGCTAATGTATTTGAATACAATTTGTTGCTACAGTTTGGATTATTTGGGTTTCTTTTTCGCCTCCTCTGCGCTGTCTCGCAGCTGTTTCAAGTTGCGCAGCTCCATGCTCAAAA
ACATAC!

GCAAALIGGGATCTTTGATCTTGGCCAGAACAATCTCACGGGCACGCTCATCGTTGTCCCCCAGCAGCTTGGCCACAGTCTGCGCGTACTCCACCCAGACGCAATTGGGGCAACCGGACATGCAGC
AGGTGGTGGGITCCGGGGGCAACTGTCGGT TTGCCAGACATTAGACGAGCTATGTTTCTCCATTTGCAACACTTACCACAATATCCGAGGCGTCTTTGTTCGCCAGATGTCTGGCCTGGAAGGCTGCGGCTA
ATTGGATTGTCGCCCGGCCAAGCAGGCAGCGCTGGCAGCCGAAGCACAGAGGAGCACGCATTCTGATTGGATCTGTAATATGGTCAGAAATGGGCAAATGT TAAATGCAACGGGATTTTCACACGCTGGCGC
ATGCAGGTGCAAGAGTTTAACGAAAGTAGGAGCAAAAAAAAAATTAGT TCCGCAGGAACTGCGTAAAAAGTAGCCAGGCTATTAAATATCCTGGCACTTGTCGGCAAATCCTTGATGAAAAAAAAAAAAAGT
ATGCAAAAGCAAAGAAAAGAAAT GCTAAAGAAAACCGAAAAGT CGAGAGAGAAAGGGC TTTAAGAAGAAGAAAGCAAAAAAAAAACAAGAAAT TAACAAAATATTAAAACGCATTCAGCCGTAAAAATTTTC
AITTACTTGCGGTAATCTCGCTTAAAGGTCGCGCGGGAGAGAAGGTACGCAAAT TGAGAATGGACAATGCCAGAAGAAGAT TGATAAGGGAGAGATGATATTACAGGCCACATCGCGATTAATTGGCACCCC
CAATAAATATGCCACTTTGAGAGTTAGCTAAAAAAAAAAAGGAAGAAGCAGAAGAGATGATGAAAAAACGCAT TGETAAAAAATTAACATTGTAATT GAGCTTAACAGGAAACCTAAAAAACACACACACAC
ACACACACACAAACACAAAGGACACTTGTCGTATCGAATTTCACACGTGATTTAAAAAAAATATATATATGTATGTATATATGTGCATATAAGCCGAAAGCAGAGCTTAAGGCTCTTGTGAGTTAGTCAGGC
GGCGGGTAATCAGGCBAGAACTAGAGATTAGCAACCCCTACCCCCGEACTACCCCCGCTCTACCACCACACTCACACAAAAAGTCGCGCACTAGCGGAAACTTTACAGCTTCGCAAGAGGCAAGGCAGCAGA
GAGTGAGAGTATCAGAGCGAGAGAGACAGAGAGAGAGAGAGAGAGCGTGGAGAGT GGAGAGACGGACTGGAACAATTAAGCGGTAATCAGCGTACGCGAACAGACAATGGGAGTTGAGTACGCATCGTGTGA
GCGGGCGTGGCTGAATATTGTTCGCTCGAATGACGTCTACGTCACAGCGCAATGCAAACAAATATTCATTAGGATTGCGCTACAACGAAGTGCAGATGCCCTTACAAACGAATTGATCAAACTGTTGTCGAT
ACTCTCTTCGCTTAAAGCGCTGCGATACTTATTTTCGAAATTTACAAAAAATATATACAAAATATTTTCAAAATTCCATTAAAATGAATCATTTCGAATACATTTTAATATTTGTACATTATTGTCTTTTGC
TGCGGCTCTCATTTTCGAAGTCTACAAAACACTAAAATCTTTTTTTGTATTCAATTAAACGAATTATATATGTTTAATTATGTTCTTTGCGATCCTCATTTTCGAAAGATACAAAATACTAAAACATTTGTT
GTATTAAATCAAAATTCATTGTTTTTTGTTTTTGTAATATGTATTAAATTATCTATTGTTGTGAAAAATTGAAGTACGACTCGACGTTTCGATAGATATTAAAAAATGT TTAGGACAAAATAAAATTAAAAA
TGTTAATATGAGCATATTGAAAATTCGCTCTAAAGAAACCTTCGACCTAAACAAATGCTTCATTGAAACCAAATATGTTGTAGATTTTTTTTCTAAGTCAACGTAATATATATATTTTTTTAATATGTTTTT
ATATATTTTGACGAAAGTTTTCAAGCTGAAATTGTCCCGAAATTGAATACAACCAATGGCCTCAAAAAAACATTTATTTTAAAATAGTTTCTATTATTTTAATATATAAAATGTATTCTCCATTTATTTCTT
AAGCAAAAAGTGAGAAATGAATTATTAGCAAACTTGTATGCGAAATTAAAAATGGCGAACCGTATGAAAAAACTAATAATACCCTTTCAAGAAGTGTATAGTTATGATGACTGTTCGCAGCATAACAAAAAT

AACAATGGGAGGATGGGAGACAGCTGTTGGTATTGITGAAAGTTTCCCGGCTCAGATTGCCCAAAGTATGAATTGCTGGGACGCAGGATGGGAGT GGAGAGGGGGGTAAAGGGGGCACGGCACTGATGGACA
GTCTAGGAACACGTGTAAAATGCATTTTAATGTGCGCCATAAACGCGATCACAAACATCGTTTAGCAGTAGAAAAGGGGCGGGGTGGGCAACAGCCTGGTTAATTATTTGTTTAACTTGTTCGCACGCAAGG
ACACTAAGCCGTACGCTGATATATGTGCACGTGCAGGCGGGTCTGAGGGIAATTTTATGGTTTATTAATGTGGCATTTGGTACGCTCTAACATCTCCATTGTGTGTGCGTGATATGCCCAATGATATGCCTA
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G:GA%GC;GC&GTPTGTG%CTCPCGCCA?CGCTTATTMTTCGTGTTMGTGAATTCTTGTTTTMGCTGATTTMATGCGTCMATAMCTMGTTAMTGAAMMMCGTTTTTAGCTTTTMATAGTC
v L1 NS

AAAACTTGCATCACTGACGGCTGCTTATAACTATCTATGACAACAGTTTAATTGGCGGTCTAACGCGCACTGTGACACTTACCTTAGTTCACTGCATTTGTTGTTGCAGCAACTGCTGGGTTTTTTTTTTITT
TITGGTTTTTGTTTTTAATCCAACTGAGCTCTTAATTTAGTTAAATATTATACAATTTGACTAAACAACGTAATAATAACAATAACAAACCAGGGETGCCAAAGGTCTGTGCGTCAAAATAATATATCGAAG
GCAAGCAACTTATCGATAGTCAGGTAGTACGATGTATATTGCACATCCCTGAAATTTTCTTCGCGTGCGTGTCTGACGAGCTACAGCTCTTTGCATYTTTTTTTTTGTAAATTTAATTAAACGTGCGCCAAA
TATGGCAAACACACCGCAAGTAGTCAAATTAGAGGATAACGCCGAAGAGCCCGAGATATTTGAAATCAAAGACGAAGATGTAAGTATCAATAACAATTGCGGCGTCCGCACTACTCATTCTACTGCGTGCAC
CTTGTGGTACATAAAAAAAAAAAAAACCTGCGCTGTTTCTGACAAACGAACCCATGCATATGCACATGCACACATGCGAATATATATTTGTGTTTCATTTGGCGTGCAGGACATTTGCGAATTGGAGCACTT
GCGCAAGCTGTTTATTGGCGGCCTGGCGCCCTACACCACAGAGGAGGGCCTCAAAGTGTTCTATT
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FiG. 1. DNA sequence of the D. virilis rough gene and comparison with the D. melanogaster protein-coding sequence. The nucleotide
sequence and predicted amino acid sequence from the D. virilis (vir) genomic fragment and the D. melanogaster (mel) cDNA are shown. Positions
of nucleotide or amino acid identity are indicated with a dash. Positions that are absent in the D. melanogaster sequence are indicated with a
periad. Insertions in the D. melanogaster sequence are shown above the aligned amino acid sequence, with the exact position indicated by a
vertical arrow. The presumed start site of transcription for the D. virilis gene (by homology to D. melanogaster) is indicated as nucleotide 1.
The homeodomain, as well as highly conserved DNA sequences located in the introns, is underlined.

located in the first intron (2773 bp) of the D. melanogaster
rough gene shows significant homology (>80%) with the D.
virilis sequence (underlined in Fig. 1).

Comparison of Protein-Coding Regions. The coding regions
of the D. virilis and D. melanogaster rough genes have been
aligned such that amino acid identities are optimized (Fig. 1).
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FiG. 2. Dot-matrix compari-
son of the D. melanogaster and D.
virilis genomic rough sequences.
The structure of the transcription
units (presumed for the D. virilis
gene) is shown; exons are repre-
sented as shaded boxes; introns
and 5’ and 3’ untranslated regions
are shown as lines. Position 0 cor-
responds to the transcription ini-
tiation site (3). Protein-coding re-
X gions are shaded in the dot-matrix
graph. The genomic fragment of
the D. melanogaster rough gene
used in the analysis contains all
the sequences necessary for func-
tion. The criteria were such that
one dot corresponds to a match of
16 out of 21 nucleotides.

The first possible translational start signal in the appropriate
reading frame of the D. virilis gene is indicated as amino acid
1. The sequence preceding this methionine codon (GC-
CCAAA) is a 6/7 match to the Drosophila consensus trans-
lational initiation signal (12). The predicted D. virilis rough
protein is 339 amino acids long, which is 10 amino acids
shorter than the D. melanogaster protein. Although the
overall identity at the amino acid level is 60%, domains of
high conservation are found interspersed among regions
displaying little or no similarity. A schematic representation
of the comparison between the D. melanogaster and D. virilis
rough proteins is shown in Fig. 3. The most striking conser-
vation is observed in the homeodomain and the regions
adjacent to it. Among the 60 amino acids that define the
homeodomain, only one conservative, serine-for-threonine
substitution is observed. Moreover, 14 amino acids located
immediately N-terminal and 17 amino acids immediately
C-terminal of the homeodomain are identical in both species.
Comparison of the D. melanogaster and D. virilis engrailed
(en) genes also shows remarkable conservation in the home-
odomain and the surrounding regions (13).

Another salient structural feature of the D. melanogaster
rough protein is the presence of two regions rich in glutamine
and histidine. These regions, which are encoded by CAX
(where X is A, C, G, or T) repeats in the DNA, are often
found in genes involved in important developmental pro-

t 7 [ A

cesses (14, 15). The CAX repeat (17 glutamines/histidines in
a 23-amino acid stretch) found in the first exon of the D.
melanogaster rough gene is absent in D. virilis. The CAX
repeat located in the third exon is retained; it is, however, 7
amino acids longer in D. virilis (21 glutamines/histidines
among 24 amino acids). Regions of simple repeated se-
quences, such as CAX repeats, show a much higher local rate
of sequence divergence than adjacent unique sequences (13,
16, 17); it has been suggested that this high local divergence
could provide a mechanism for the evolution of regulatory
patterns (17). Although the function of these repeats is
unclear, glutamine-rich regions have been shown to be im-
portant for the transcriptional activity of the mammalian Spl
factor (18). Outside of the conserved domains described
above, several shorter regions of amino acid sequence con-
servation are observed, particularly in the first exon (Figs. 1
and 3). The overall divergence observed for the D. melano-
gaster and D. virilis rough proteins (=40%) is significantly
higher than that described for other genes, such as en (13),
hunchback (17), period (19), and parts of Ultrabithorax (Ubx;
ref. 20), where only about 20% divergence is observed.
Comparison of Promoter and Intron Sequences. Interspe-
cies comparisons of non-protein-coding sequences have
aided in the identification of important cis-regulatory DNA
sequences in several Drosophila genes (13, 20-24). In com-
paring the sequences of =1 kb of DNA located upstream of

WYy v §
I

ALY T T°5T ST

1 50 100 150

CAX

i
I T

200 250 300

amino acids
HOMEODOMAIN CAX

F1G. 3. Schematic representation of the divergence of the predicted D. melanogaster and D. virilis rough proteins. The structure of the D.
melanogaster protein is diagramed. Nonconservative amino acid substitutions are marked with vertical lines. Conservative changes (E/D, S/T,
Q/N, Y/F, V/L/A/)) are represented with broken vertical lines. Insertions in the D. virilis protein are represented by v (width of triangle
corresponds to number of amino acids). Deletions in the D. virilis protein are shown as 1 (single amino acid) or A (several amino acids).
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the transcription start sites of the D. melanogaster and D.
virilis rough genes, we have found areas of sequence con-
servation in the 350 bp immediately 5’ of the start site, where
overall conservation was 43%. Several short stretches of
sequence identity (10-16 bp) are found amid nonconserved
DNA. In the 600 nucleotides located upstream of this con-
served region, only one homology (13/14 bp) of more than 4
consecutive nucleotides was detected. These homologous
regions are candidate recognition elements for trans-acting
factors involved in transcriptional regulation of the rough
gene.

Although the overall sequence conservation in the introns
is low, comparative analyses yielded a surprising number of
highly similar regions, which are interspersed with com-
pletely divergent DNA. Nine regions, 40-140 bp in length,
displaying between 75% and 89% sequence identity were
identified. Eight of these conserved regions are located in the
first intron (underlined in Fig. 1), and, although the spacing
between them is variable, their order is the same in both
species. One of these regions, located between nucleotides
2122 and 2268 in the D. virilis sequence, is particularly
striking; a stretch of 146 consecutive nucleotides is 81%
conserved. Although we have not completely ruled out the
possibility that some of these conserved sequences are part
of another transcription unit, we have not found any long
open reading frames or good consensus splicing signals
flanking them. However, we have found that sequences
located in the first intron are critical for proper rough
expression in D. melanogaster (unpublished data), which
suggests that some of the conserved regions between D.
melanogaster and D. virilis found in this intron may be
important cis-regulatory elements. The enhancers of several
genes have been found to be located in introns (for example,
see refs. 25-28). They are, however, usually composed of a
series of short (7-20 bp) and often irregularly spaced DNA
sequence elements that are recognized by regulatory proteins
(for recent reviews see refs. 29 and 30). The homologies
found in the first intron of the rough gene are significantly
longer than predicted for protein-DNA binding sites and,
perhaps more surprisingly, are almost completely devoid of
gaps. Similar observations have been reported previously for
other Drosophila genes, such as the Gart locus (31), en (13),
and Ubx (20).

Functional Analysis of the D. virilis Rough Gene. D. mela-
nogaster bearing mutations in the rough gene that result in
complete loss of function are viable, and the eye phenotype
can be rescued by introducing a wild-type copy of the gene
by germ-line transformation. This allows us to test whether
the conserved sequences observed in the two rough genes
reflect an underlying conservation of gene function. The D.
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virilis rough gene was introduced into the genome of D.
melanogaster carrying the ro! mutation (32) by P-element-
mediated transformation. Four independent transformant fly
stocks were established and the ability to rescue the ro’
phenotype was assessed by analyzing ommatidial structure in
tangential sections of adult eyes (Fig. 4). One of the trans-
formant lines, P[virro}4, showed complete rescue, defined as
the absence of mutant ommatidia, when one copy of the D.
virilis gene was present in the genome (Fig. 4F). In another
line, P[virro]1, complete rescue was obtained only when two
copies of the transposon were present (Fig. 4D). In the
remaining two transgenic lines the insertion caused a reces-
sive lethal mutation. However, all transformant lines dis-
played at least partial rescue of the ro’ phenotype, manifested
as a mixture of wild-type and mutant ommatidia, when one
copy of the D. virilis rough gene was present in the genome
(Fig. 4 Cand E). The D. melanogaster rough gene (containing
=1 kb of both 5’ and 3’ untranslated sequences) can rescue
the ro’ phenotype more efficiently than the D. virilis gene; in
four of the five transformant lines established for the D.
melanogaster gene, complete rescue of the ro’ phenotype
was observed when only one copy of the transposon was
present (data not shown). This suggests that the D. virilis
protein is less functional, or perhaps expressed at lower
levels, than the D. melanogaster homologue. Nevertheless,
our results indicate that the D. virilis rough protein is ex-
pressed when introduced into D. melanogaster and that it
can, to a large degree, functionally replace the D. melano-
gaster rough protein.

The expression pattern of rough protein in the eye imaginal
disc of third-instar D. melanogaster larvae is complex (4).
Initially, rough is broadly expressed in the morphogenetic
furrow, and later, expression is restricted to a subset of
developing photoreceptor cells (Fig. SA). Monoclonal and
polyclonal antibodies generated against the D. melanogaster
rough protein were found to cross-react with the D. virilis
protein. Fig. 5B shows a D. virilis eye-antennal disc complex
stained with a monoclonal antibody (MAbrol; ref. 4). We
found that the rough expression pattern in D. virilis is very
similar, if not identical, to that observed in D. melanogaster
(compare Fig. 5 A and B). That the D. virilis gene was able
to rescue the ro’ phenotype already suggested that at least
some of its regulation was properly maintained in D. mela-
nogaster. To test this directly, we used MAbrol to stain eye
discs from ro! third-instar D. melanogaster larvae bearing
P[virro]4. The expression pattern was found to be indistin-
guishable from that of the wild-type D. melanogaster rough
protein (compare Fig. 5 A and D). The intensity of the
staining, however, varied among different transformant lines;
weaker disc staining was observed in lines showing poor

Fi1G.4. Comparison of eye morphologies of D.
melanogaster wild-type flies, ro! flies, and ro’
flies transformed with the D. virilis rough gene.
(A) Tangential 1-um plastic section through a
wild-type eye. A repeating array of precisely
structured ommatidia is observed. (B) Section
through a ro’ eye. The ommatidial array is dis-
rupted and the number of photoreceptor cells per
ommatidium is variable. (C and D) Sections
through the eyes of transformant flies P[virro]l
containing either one or two copies of the D. virilis
rough gene, respectively, in a ro! background. In
the presence of one copy of the transposon only
10% of the ommatidia are rescued (C). In the
presence of two copies, the eye is completely
wild-type (D). (E and F) Sections through eyes of
transformants P[virro]2 and P[virro}4; 90% and
100% wild-type ommatidia are observed, respec-
tively, when one copy of the transposon is present
in a ro! background. (x250.)
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rescue of the adult phenotype (data not shown). These
quantitative effects are likely to be due to the particular
genomic environment of each transposon. Taken together,
these results show that the cis-regulatory elements that
control rough expression in D. virilis are sufficiently con-
served to be recognized by the D. melanogaster transcrip-
tional machinery to impart proper temporal and spatial reg-
ulation.

CONCLUDING REMARKS

To help define important functional elements we have com-
pared the rough genes from two distantly related Drosophila
species. Although the overall conservation of the predicted
proteins is only 60%, the homeodomain and its immediately
surrounding regions are almost identical. Homeodomain pro-
teins have been shown to possess specific DNA-binding
activity (for review see refs. 33 and 34). The very high
conservation of the rough homeodomain over =60 million
years suggests that it is critical for proper function, perhaps
conferring the specificity of target site recognition and inter-
action with other regulatory proteins.

Conserved sequence elements were also identified in both
the 5’ promoter region and the introns. These sequences are
good candidates for cis-regulatory elements. The ability of
the D. virilis rough gene to properly function during D.
melanogaster eye development raises our confidence about
the significance of these conserved elements.
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