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ABSTRACT

We have analyzed the cis-acting regulatory sequences of the Drosophila melanogaster Rh2 gene that
encodes the protein component of a rhodopsin which is expressed in ocellar photoreceptor cells. DNA
fragments containing the start point of transcription of the Rh2 gene were fused to either the
Escherichia coli chloramphenicol acetyltransferase (CAT) or lacZ (3-galactosidase) genes and introduced
into the Drosophila germline by P-element-mediated transformation. Expression of the E. coli genes
was then used to assay the ability of various sequences from the Rh2 gene to confer upon the indicator
genes the Rh2 pattern of expression. Fragments containing between 4.3 kb and 183 bp upstream of
the start of transcription plus the first 32 bp of the 5’-untranslated leader were found to result in
nearly identical levels of head-specific CAT expression. Deletion of Rh2 sequences distal to position
—112 bp resulted in loss of detectable CAT expression from these Rh2/CAT fusion constructs. We
have, therefore, defined a region essential for head-specific expression of the Rh2 gene to a region
extending from —183 to —112. We have determined the DNA sequence of the Rh2 promoter from
—448 to +32 and have found an 11-bp sequence which is also present in the upstream flanking
sequences of two other photoreceptor-specific genes (ninaE and ninaC). By histochemical staining of
B-galactosidase expressed under the control of the Rh2 promoter and by analyzing the effect of the
ocelliless mutation on the expression of an Rh2/CAT fusion gene, we have been able to demonstrate

that this promoter is active in ocelli.

HODOPSIN is the major photoreceptor mole-
cule of both vertebrate and invertebrate visual
organs. It consists of a protein, opsin, covalently linked
to a chromophore, usually 11-cis retinal (reviewed in
HARGRAVE 1982). Four different opsin genes have
been identified in the Drosophila melanogaster genome
(Zuker, CowMAaN and RuBiN 1985; O’Tousa et al.
1985; CowMAN, ZUKER and RUBIN 1986; ZUKER ¢t al.
1987; MONTELL et al. 1987; FRYXELL and MEYERO-
wrTz 1987).

Compound eyes and ocelli are two types of light-
sensing organs found in the head of most insects. The
compound eye of Drosophila contains, in addition to
other cell types, three physiologically distinct classes
of photoreceptor cells: R1-R6, R7 and R8 (for review
of the physiological differences between the photore-
ceptor classes see PAk 1979). Each of the isolated
opsin genes is expressed in only a subpopulation of
photoreceptor cells. Three ocelli are arranged trian-
gularly on the vertex of the head (for review of the
structure of insect ocelli see CHAPMAN 1982). The
function of the ocelli is poorly understood, but it
seems that they are capable of perceiving low-intensity
light as well as influencing the orientation of the insect
with respect to a light source, a function necessary for
visual guidance (GoopMAN 1970; Hu, REICHART and
STARK 1978; HuU and STARK 1980).
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The Rh2 gene was cloned by virtue of its homology
with the Rh1 gene encoded by the ninaE locus (Cow-
MAN, ZUKER and RUBIN 1986). The Rh2 opsin is 381
amino acids long and the predicted amino acid struc-
ture has seven hydrophobic domains (CowMAN, Zu-
KER and RUBIN 1986), a characteristic shared by all
known rhodopsins (OVCHINNIKOV 1982; NATHANS
and HOGNESS 1983; 1984; NATHANS, THOMAS and
HoGNeEss 1986). CowMAN, ZUKER and RUBIN (1986)
detected low level of expression of the endogenous
Rh2 gene in the photoreceptor cell R8 by in situ
hybridization using a probe homologous to the 3’-
untranslated portion of the Rh2 gene. However, it
now appears that this observation was an artifact due
to cross-hybridization to another RNA sequence, pre-
sumably an as yet unidentified R8-specific opsin, and
several independent lines of evidence suggest that the
Rh2 gene is expressed exclusively in the ocelli. PoL-
Lock and BENZER (1988), by using a Rh2 gene-specific
probe from the 5’-portion of the coding sequence,
detected expression clearly above background only in
the ocelli. [CowMaN, ZUKER and RuBIN (1986) did
not examine sections containing the ocelli.] ZUKER et
al. (1988) have overexpressed the Rh2 gene in pho-
toreceptor cells R1-R6 by using a transcriptional fu-
sion between the Rh1 promoter and the Rh2 coding
sequences. By introducing this Rh1/Rh2 fusion gene
into flies carrying the ninaE mutation, they were able
to substitute the Rh2 opsin for the Rhl opsin in
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photoreceptors R1-R6. Spectrophotometric exami-
nation of such flies showed that the R1-R6 cells now
had spectral properties like those of ocelli, but clearly
distinct from those of R8 cells (FEILER et al. 1988).
Finally, FEILER et al. (1988) showed that the Rh2 gene
is expressed at a level at least fivefold lower in ocelliless
flies, which lack ocelli, than in wild-type flies.

Many genes have been reintroduced into D. mela-
nogaster genome and, in general, these genes appear
to be correctly regulated despite their presence at
chromosomal locations that differ from that of the
endogenous gene (SPRADLING and RUBIN 1983;
SCHOLNICK, MORGAN and HIrRsH 1983; GOLDBERG,
PosakoNy and MaNIATIS 1983; JowerTr 19855
MARsH, GIBBS and TIMMONS 1985; KALFAYAN, WAK-
IMOTO and SPRADLING 1984; HiroMi, KUROIWA and
GEHRING 1985; KRUMM, ROTH and KORGE 1985;
HazELRIGG, LEVIS and RUBIN 1984; PIRROTTA,
STELLER and BozzeTTIl 1985; LEVIS, HAZELRIGG and
RUBIN 1985; GARABEDIAN, HUNG and WENSINK 1985;
DUDLER and TRAVERs 1984; MISMER and RUBIN
1987). For several developmentally regulated Dro-
sophila promoters, analysis of intact and truncated
promoters by P-element-mediated transformation has
revealed the existence of multiple control elements,
each being responsible for expression in a given tissue
(LEvis, HAZELRIGG and RUBIN 1985; PIRROTTA,
STELLER and BozzeTTtl 1985; GARABEDIAN, HUNG
and WENSINK 1985; COHEN and MESELSON 1985;
SCHOLNICK et al. 1986). Quantitative and qualitative
regulatory elements have been separated during dele-
tion analysis of the Sgs3 glue protein gene (BourouIs
and RICHARDS 1985), the ninaE opsin gene (MISMER
and RUBIN 1987) and the gene encoding the a-chain
of larval serum protein 1 (DELANEY et al. 1987).

We have begun an analysis of the promoter se-
quences of the Rh2 gene using in vitro mutagenesis
coupled with P-element-mediated germline transfor-
mation. We have made fusions between segments of
the Rh2 gene and two bacterial indicator genes [chlor-
amphenicol acetyltransferase (CAT) and lacZ, which
encodes $-galactosidase]. We show that a promoter
fragment extending from 183 bp upstream of the
transcription initiation site plus 32 bp of the 5’-un-
translated leader is capable of conferring upon bac-
terial indicator genes the pattern of expression char-
acteristic of the endogenous Rh2 gene. Comparison
of the DNA sequence of the Rh2 promoter with the
sequence of promoters of two other genes expressed
in photoreceptor cells (ninaE which encodes the opsin
present in photoreceptor cells R1-R6 and ninaC, a
protein needed for functional rhabdomere structure),
revealed a conserved 11-bp sequence located in ap-
proximately the same position in all three promoters.
Fusions between the Rh2 promoter and the lacZ gene
were expressed in ocelli, consistent with the idea that

this opsin comprises the photopigment of the ocellar
photoreceptor cells.

MATERIALS AND METHODS

DNA manipulations and sequencing, P-element-me-
diated germline transformation and CAT assays: DNA
manipulations, such as restriction endonuclease and Bal31
digests, nick-translation labeling of DNA and genomic DNA
blotting, were carried out as previously described (MANIA-
TIS, FRISCH and SAMBROOK 1982; MISMER and RUBIN 1987).
The vectors used in P-element-mediated transformation
have been previously described (RUBIN and SPRADLING
1983; STELLER and PIRROTTA 1985; MISMER and RUBIN
1987). Fly strains used in transformation were Canton-S or
rosy’?®. CAT activity in transformed flies was detected and
quantified as previously described (GORMAN, MOFFAT and
HowaRD 1982; MiSMER and RUBIN 1987) or the autoradi-
ographs were subjected to laser microdensitometry. Nucleo-
tide sequence analysis was carried out as described (SANGER,
NicKLEN and COULSON 1977; BANKIER and BARRELL 1983).
The Rh2 DNA sequence in the region from ~448 (Sacl site)
to +32 was determined on both strands.

Construction of fusions between the Rh2 promoter and
E. coli indicator modules: Various Rh2 promoter fragments
were fused with the E. coli CAT or lacZ (-galactosidase)
genes in order to facilitate the analysis of transcriptional
regulatory sequences. Diagrams of the gene fusions de-
scribed are shown in Figure 2.

PPlry; Rh2(—=~4300/+32)-CAT]: A plasmid subclone of
the BamH1/Sacl genomic fragment encompassing the site of
transcription initiation (see Figure 1) was made linear by
digestion with BamHI. Following limited Bal31 digestion
and complete Sacl digestion, a population of partially de-
leted Rh2 promoter fragments was isolated from a prepar-
ative agarose gel and subcloned between the Sacl and Smal
sites of M13 mp18. Single-stranded DNA was then obtained
from a number of subclones and the end-points of Bai31
deletion were determined by DN A sequencing. One of these
clones had an end point at position +32 which is between
the start of transcription and start of translation of the Rh2
gene. This promoter fragment was then subcloned from
M13 RF into pUC12 as a HindI11/Sacl fragment. A pUC12
subclone of the 5-kb genomic BamHI fragment containing
the upstream sequences (see Figure 1) was subjected to Sacl
partial digestion and complete HindlI1I digestion to result in
cleavage at the Sacl site in the Drosophila DNA and the
HindI1I site in the polylinker. Into this Hindl11/Sacl cleaved
plasmid the HindlIl/Sacl promoter fragment was intro-
duced, thereby generating a 4.3-kb BamHI genomic DNA
fragment whose 3’-end is at nucleotide +32 (rather than
several hundred base pairs into the coding sequence) in the
polylinker of pUCI2. In order to place a Kpnl site at the
3’-end (i.e., at position +32), this BamHI fragment was
cloned into the BamHI site of pUCI19. In the appropriate
orientation, a Kpnl site is placed at the 3’-end of the pro-
moter fragment and an Xbal site at its 5’-end. The 4.3-kb
promoter fragment was then excised from pUC19 by Kpnl/
Xbal cleavage and cloned into the CAT fusion vector
pDM47. This plasmid contains a CAT gene placed within
the polylinker of plasmid pHSS7 (SEIFERT et al. 1986) and,
therefore, between Notl sites which flank the polylinker.
Several restriction endonuclease sites are available for the
insertion of a promoter fragment: HindIIl, Sall, Xbal and
Kpnl. The Rh2/CAT fusion was then cut out by Notl
digestion and placed into the Notl site of the transformation
vector pDM30 (MisMERr and RUBIN 1987).

pP[hs-neo; Rh2(—~1300/+32)-CAT], pPlhs-neo;
Rh2(—443/+432)-CAT], pP[hs-neo; Rh2(—309/+32)-CAT],
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pP[hs-neo; Rh2(~266/+32)-CAT] and pP[hs-neo;
Rh2(—112/4+32)-CAT]: These constructs were obtained by
cloning appropriate restriction enzyme fragments from the
4.3-kb promoter fragment into pDM26 (cut with Kpnl and
Smal) (MisMER and RuUBIN 1987). Plasmid pP[hs-neo;
Rh2(—~1300/+32)-CAT] was obtained by cloning a Ncol
(end-repaired with Klenow to give a blunt end)/Kpnl frag-
ment into pDM26. Plasmid pP[hs-neo; Rh2(—443/+32)-
CAT] was a result of cloning a Sacl (end-repaired with T4
polymerase to give a blunt end)/Kpnl fragment into pDM26.
Plasmid pP[hs-neo; Rh2(—309/+32)-CA'T] was obtained by
cleaving the plasmid pP{hs-neo; Rh2(—443/432)-CAT] with
Sall and religating the plasmid. Plasmid pP[hs-neo;
Rh2(—266/+32)-CAT] was obtained by cloning a PstI (end-
repaired by T4 polymerase)/Kpnl fragment into pDM26;
pP[bs-neo; Rh2(—112/+32)-CAT] results from cloning a
Puull/Kpnl fragment into pDM26.

pP{ry; Rh2(—=208/+32)-CAT], pP[ry; Rh2(—183/4+32)-
CAT], pP(ry; Rh2(—=107/32)-CAT] and pP[ry; Rh2(-70/
+32)-CAT}: To obtain these plasmids, the plasmid pP[hs-
neo; Rh2(—309/+32)-CAT] was linearized by digestion with
Xbal and then subjected to limited Bal31 digestion. Subse-
quently, partially digested Bal31 products were cleaved by
Sacl and the population of Rh2/CAT fragments was cloned
into EcoR1/Sacl-cut Bluescript(+) (obtained from Stratagene
Inc.). Upon obtaining the single-stranded DNA following
superinfection of E. coli strain nm522 by the helper M13
phage strain R408, the end point of the deletion in a number
of clones was determined. Four of such deletions, with end
points at nucleotides —208, —183, ~107 and —70 have been
cloned into a pHSS7 derivative as HindI11/Sacl fragments
in order to place the Rh2/CAT fusion gene between the
Notl sites. The corresponding Notl fragments were then
cloned into Notl-cut pDM30.

pP[hs-neo; Rh2(—309/+32)-lacZ): Plasmid pP[hs-neo;
Rh2(—443/+32)-CAT] was digested with Sall and Kpnl and
the Rh2 promoter fragment was purified by agarose gel
electrophoresis. The Rh2 promoter fragment was then in-
troduced into Sall/Kpnl-digested pDM79 (MIsMER and
RUBIN 1987) resulting in a transcriptional fusion between
the Rh2 promoter and lacZ gene encoding B-galactosidase.

B-Galactosidase histochemical staining: The staining to
detect lacZ expression in either whole mounts or cryostat
sections of flies transformed by Rh2/lacZ fusion genes was
carried out by the method of D. R. KANKEL and M. Frrz-
GERALD (personal communication); see MISMER and RUBIN
(1987) for a detailed description.

In situ hybridization to polytene chromosomes: In order
to determine the number and position of P element vector
insertions into the genomes of the transformed flies, in situ
hybridization to polytene chromosomes was carried out for
lines where G418 selection was utilized for the isolation of
transformant lines. Polytene chromosome squashes were
prepared as previously described (ZUKER, COWMAN and
RusiN 1985). Squashes were hybridized with biotinylated
DNA probes corresponding to plasmid pUCI18. The proce-
dure was carried out as described by LANGER-SOFER, LEVINE
and WARD (1982) except that the DNA was labelled by nick
translation using Bio-16-dUTP (ENZO Biochem) and hy-
bridization sites were detected by using the Detek-I-HRP
detection kit produced by ENZO Biochem.

RESULTS

The plasmid pP[ry; Rh2(—=~4300/+32)-CAT] con-
tains a transcriptional fusion between nucleotides
—~4300/+32 of the D. melanogaster Rh2 gene (tran-
scriptional initiation site is at nucleotide +1) and the
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FIGURE 1.—Restriction enzyme map of the upstream flanking
DNA and transcription initiation site of the Rh2 gene. The 5-kb
BamHI fragment containing the transcription and translation initi-
ation sites was used to construct the initial Rh2 promoter fragment
as described in MATERIALS AND METHODS. The arrow indicates the
orientation of transcription as well as the approximate start of
transcription (nucleotide +1) (CowMaN, ZUKER and RUBIN 1986).
Not all EcoR1 sites in this BamHI fragment are shown. The sequence
of the region shown as a stippled rectangle is given in Figure 5.

E. coli CAT gene. The 5’-end of this fragment coin-
cides with the BamHI site located approximately 4.3
kb upstream of the transcription initiation site (Figure
1). Two transformant lines of pP[ry; Rh2(—~4300/
+32)-CAT] in the D. melanogaster ry°* host strain
were obtained. CAT activity in these lines was found
to be restricted to the head (Figure 3). The Rh2 gene
has been found to be expressed in the ocelli (PoLLOCK
and BENZER 1988; FEILER et al. 1988). Thus, the
observed head-specific CAT activity is an indication
that the promoter fragment used can specify, at least
in part, the normal endogenous pattern of expression
of the Rh2 gene. We are confident that if 10% or
more of the CAT expression in any transformant line
was in the body it would have been readily detected.
The absence of body CAT activity is not due to body-
specific degradation of CAT protein or its mRNA as
can be seen by examining the CAT activity found in
a transformant line containing a nearly identical CAT
module fused to the D. melanogaster hsp70 promoter
(gift of MARY C. MULLINS). In this line high levels of
CAT activity are present in both the head and the
body (data not shown). A transformant line P[ry;
Rh2(—~4300/+32)-CAT]l containing this Rh2 pro-
moter fragment was assayed to determine the devel-
opmental timing of CAT expression (Figure 3).
Expression of the Rh2 gene, as determined by RNA
blotting (A. C. CowMaN, C. S. Zuker and G. M.
RUBIN, unpublished observation), begins during the
late pupal period (48-60 hr after puparium forma-
tion) when the final stages of photoreceptor cell dif-
ferentiation occur. The temporal pattern of CAT
expression in this transformant line appears to follow
that of the endogenous gene.

A set of promoter fragments extending from
—~1300, —443, —309, —266, —208, —183, —112,
—107 and —70 to +32 was constructed (see MATERIALS
AND METHODS). Each of these was fused to CAT and
assayed following its reintroduction into the genome
by P-element-mediated transformation. Special care
was taken to minimize the source of variation between
the transformant lines: multiple, independent lines
were obtained for the majority of the constructs ana-
lyzed and the flies assayed were of the same age. The
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FIGURE 2.—Table showing diagrams of the Rh2/CAT fusions
and quantitative analysis of the CAT level in corresponding trans-
formant lines. The CAT assay was carried out as previously de-
scribed (MISMER and RUBIN 1987) except that longer incubation
times were required (several hours when an extract from five fly
heads or bodies was assayed). The level of CAT activity in each
transformant line found after two independent assays is expressed
as a percentage value of the reference line P[ry; Rh2(—~4300~/
+32)-CAT]l. The mean level of activity for each construct is also
presented. A level of activity below the limit of detection of the
assay is represented as <1%. The diagrams outline the constructs
used in this study. The Rh2 sequences are represented as a solid
black rectangle and CAT sequences as a stippled rectangle. The 5’
extent of the Rh2 promoter fragment is shown as the number of
base pairs upstream of the transcription initiation site that are still
present in the construct; the 3’ end of the promoter fragment is
always at position +32 of the 5’-untranslated leader. The constructs
which were cloned into the transformation vector pDM30 (see
MATERIALS AND METHODS) as Notl fragments are all in the same
orientation; the Rh2 promoter fragment is always close to the 5'-
end of the P element with the CAT gene separating Rh2 promoter
and rosy gene sequences.

results of this analysis are shown in Figure 2. During
the construction of each deletion, a novel junction
was created between the P element sequences and
Rh2 promoter sequences. Although it cannot be for-
mally excluded, we believe that the creation of this
novel junction did not influence tissue-specificity since
the characteristic pattern of expression was never
altered. Our results indicate that the promoter frag-
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FIGURE 3.—Autoradiographs of the CAT assays of flies belong-
ing to transformant lines carrying the Rh2-CAT fusions. CAT
assays were carried out as described in MATERIALS AND METHODS
and visualized by autoradiography. The top panel shows an auto-
radiograph of an assay in which extracts from either five heads or
bodies of each transformant line were incubated with substrate for
2 hr. Lanes 1 and 2 represent head and body assays of line P[ry;
Rh2(—~4300/+32)-CAT]I, respectively. Lanes 3 and 4 represent
head and body assays of line P[ry; Rh2(—183/+32)-CAT]8, respec-
tively. In these lines there is accumulation of the acetylated chlor-
amphenicol (the product of the CAT enzyme) in the extract derived
from heads, but not bodies indicating head-restricted expression of
the Rh2 promoter. Extracts derived from the heads or bodies of
flies of the transformant line P[ry; Rh2(=70/+32)-CAT]3 (lanes 5
and 6, respectively) shows no accumulation of the products of CAT
assay indicating loss of expression from the Rh2 promoter. The
lower panel shows an autoradiograph of a developmental CAT
assay performed on transformant line P[ry; Rh2(—~4300/+32)-
CAT]I by analyzing five individuals belonging to different devel-
opmental stages. No activity can be detected in following stages:
embryo (lane E), first, second and third larval instar (lanes L1, L2
and L3, respectively), early pupa (white, no adult structures dis-
cernible; lane EP) and adult body (lane B). CAT activity can be
detected in stages that have begun or detected the morphogenesis
of the rhabdomere, the light-sensing organelle of the retinula cells:
late pupa (red eyes, darkening of the cuticle, but no adult bristles;
lane LP) and adult head (lane H).

ment extending from —183 to +32 directs expression
of CAT indicator gene to the head at a level compa-
rable to the fragment extending from —~4300 to
+32. Therefore, it would appear that deletion of
sequences located between approximately —4.3 kb
and —183 bp has little effect upon the function of this
promoter. Deletion to nucleotide —112, however, re-
sulted in the loss of all detectable promoter function.

A fusion between the Rh2 promoter fragment ex-
tending from —309 to +32 and the lacZ gene was
constructed as described in MATERIALS AND METHODS.
Histochemical staining in this transformant line was
restricted to the ocelli (Figure 4). Consistent staining
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FIGURE 4.—f-Galactosidase histochemical staining of a transformant line carrying a Rh2/lacZ fusion. A transformant line in which the
plasmid pP[hs-neo; Rh2(—309/432)-lacZ] has integrated into the third chromosome (cytological position 75E) has been crossed into a white’''?
genetic background to facilitate the histochemical staining. Panels A and B show the photograph of the anterior-most median ocellus; the
two more laterally arranged ocelli are out of focus. Two ocellar setae (large bristles), one on each side of the planoconvex lens of the median
ocellus, are also visible. Wholemounts of w'’¥ and transformant heads were stained as indicated in MATERIALS AND METHODS. While no
staining can be detected in the ocelli (oc) in the wholemount of a w’'*® head (panel A), ocelli in the transformant head contain $-galactosidase
activity (panel B). Panel C shows a sagittal cryostat section through the head of the transformed fly. While no staining is detectable in the
retina (re) of the compound eye or the brain (br), staining can be seen in the ocelli (oc). A higher magnification of the ocellar region of the
section shown in panel C is shown in panel D.
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FIGURE 5.—Expression of the P[ry; Rh2(=~4300/+32)-CAT]1
insertion in heads and bodies of wild-type and ocelliless flies. Den-
sitometer tracings of an autoradiograph of the CAT assays are
shown. No CAT expression was detectable in wild-type bodies,
ocelliless heads or ocelliless bodies indicating at least a 10-fold reduc-
tion in CAT activity when the P[ry; Rh2(—=~4300/+32)-CAT]I
insertion was introduced into ocelliless flies.

Sacl
-448 GAGCTCTACT ACTCTGGCAA GGATAAATGC GCCGCAGGAC TCGGCCAAGG -399
T
398 CGAATCACTT GACGGAAACA AGCCATAACA ACAGTGGCAT ATATCTGCTA -349
Sall
348 AACACGGAGA TAAGATCCTC CGGTGGACTG ATGTCCTCGT CGACCGACCC 299

Pstl T
298 ATCCAACTCG AAGACCTCGA TGCCATCCTG CAGCCAAGGA GTGCAGCGAA  -249
T
248 AACTGTGCCA GAAATGTGGA CAGAAATTTC TGGCTGCCCT TTAGTGTCAA  -199
T
198 GAACTAATAT TCAAAGGCGG CAAATTAACC TTGCGCTTAG ATTATGTAGC 149
T Pvull
-148 GTATGAAATT AAATAAAATT GACTTTTATC TGGCAGCTGT CCGCCGTCTA - 99
T T
98 TAAGTCTTCT GCGCCTCTTT TGATGAGCGG EANENGGMEMEAGCAAACAT - 49
T
48 CTATAAAGGG CTGGGAATTC GGCCTCCTGG CACAGATCCA CTTCGATGAG + 2
3 CCATCGTCTA GTCAAGGGGT TGCGGGTAGC + 32

FIGURE 6.—DNA sequence of the Rh2 promoter region. The
Rh2 gene was sequenced from Sacl site at position —448 to position
+32 in the 5’-untranslated leader as described in MATERIALS AND
METHODS. Restriction enzyme sites used in construction of various
promoter deletion constructs are underlined. The end points of
deletion constructs used in shortening of the promoter are indicated
by arrows. The sequence TATAAA which conforms to the consen-
sus sequence for the TATA box (GOLDBERG 1979) is also under-
lined. The sequence CTAATTGAATT which can be found in the
5’-flanking sequences of several photoreceptor-specific genes in
Drosophila (see Figure 7) is shaded.

above background was not observed in the retina of
the compound eye. We have also introduced the P[ry;
Rh2(—~4300/+32)-CAT]1 insertion into flies carry-
ing the ocelliless mutation. These flies, which lack
ocelli, did not show detectable levels of CAT activity
(see Figure 5).

We have determined the nucleotide sequence of the
Rh2 promoter in the region extending from —448 to
+32 (Figure 6) and compared it with the sequence of
the ninaE gene which encodes an opsin present in
photoreceptor cells R1-R6 (MISMER and RUBIN
1987). We have found a region of similarity between
these two promoters (Figure 7) located, in each case,

Rh2: -68 CTAATTG GGG GTT -58
ninak: 76 CTAATTGAATT -66
ninaC: -107 CTAATTGAATT -9/
CONSENSUS : CTAATTG GRRTT

FIGURE 7.—DNA sequence homology detected in three photo-
receptor-specific promoters. By comparing the DNA sequences of
promoter regions of genes Rh2, ninaE (MiSMER and RUBIN 1987)
and ninaC (MONTELL and RUBIN 1988) we have identified an 11 bp
region of similarity. The position of this region relative to the start
site of transcription is indicated in each case. In the sequence
consensus, R denotes a purine base (adenosine or guanosine).

about 60 nucleotides upstream of the transcription
start site. The same sequence can also be found about
100 nucleotides upstream of the transcription start
site of the photoreceptor-specific gene ninaC (MON-
TELL and RUBIN 1988).

DISCUSSION

We have performed a preliminary analysis of the
cis-acting sequences involved in the regulation of the
Rh2 gene. We have succeeded in transferring the
normal tissue-specific pattern of expression of this
gene onto two distinct bacterial indicator genes by
using solely sequences upstream of its transcriptional
start point and a part of its 5’-untranslated leader.
Our results indicate that no essential regulatory ele-
ments exist in the Rh2 coding sequence, introns or
3’-flanking sequences. The level of expression ob-
served in transformant lines carrying the Rh2/CAT
fusion genes is consistent with a high level of expres-
sion in the approximately 90 photoreceptor cells
found in each of the three ocelli. In absolute terms
this level is about 50 to 100 times lower per head than
that observed from Rh1/CAT fusions (MISMER and
RUBIN 1987). However, there are approximately 9000
R1-R6 photoreceptor cells (six in each of the 800
ommatidia in each eye) in each head and only 250~
300 ocellar photoreceptors. Moreover, R1-R6 pho-
toreceptor cells contain larger rhabdomeres than ocel-
lar photoreceptor cells and thus are likely to have
higher levels of rhodopsin per cell. For these reasons
we believe that no essential quantitative regulatory
elements are missing in the —183 to +32 promoter
fragment. We have identified a region essential for
the expression of the Rh2 gene in the transformed
flies that is located between nucleotides —183 and
—112. Furthermore, our deletion analysis indicates
that a small promoter fragment, extending from —183
to +32, is sufficient to ensure head-restricted expres-
sion of the bacterial CAT gene. Another opsin gene,
ninaE, requires a promoter fragment extending only
from —215 to +67 to confer its pattern of expression
onto bacterial indicator genes (MISMER and RUBIN
1987). Thus, the two opsin genes analyzed so far in
D. melanogaster require relatively short promoter frag-
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ments to obtain apparently normal expression in trans-
formed flies.

The expression of Rh2/lacZ fusion in the ocelli
agrees with the findings of PoLLock (1988) and
FEILER et al. (1988) that this opsin gene is expressed
in ocelli. Moreover, the marked decrease in the ab-
solute amount of CAT activity observed when the
transformant  line  P[ry;  Rh2(—~4300/+32)-
CATTI-1 is introduced into the ocelliless genetic back-
ground is consistent with the notion that little or no
Rh2 expression occurs elsewhere in the head.

An 11-bp region of nucleotide sequence similarity
has been detected among the Rh2, ninaE and ninaC
promoters. The functional significance of this se-
quence in the regulation of photoreceptor-specific
genes is now being investigated by site-directed mu-
tagenesis and P-element-mediated transformation. As
a part of a systematic study of the cis-acting regulatory
elements of the Rhl gene, we have mutated this 11-
bp conserved sequence and observed a 10-100-fold
lowering of expression in transformant flies (D. Mis-
MER and G. M. RUBIN, unpublished data). The pro-
moter regions of several other sets of coordinately
regulated Drosophila genes have been sequenced
(PELEAM 1982; PELHAM and BiENZ 1982; COHEN and
MESELSON 1985; MESTRIL et al. 1986; GARFINKEL,
PRUITT and MEYEROWITZ 1983; DELANEY et al. 1987,
LEVINE and SPRADLING 1985; WONG et al. 1985;
RippDIHOUGH and PELHAM 1986). A conserved heat-
shock element is located just upstream of the TATA
box in most heat-shock genes and is essential for heat-
shock inducibility (PELHAM 1982; PELHAM and BIENZ
1982; MESTRIL ¢t al. 1986). This sequence appears to
represent a binding site for a transcription factor
induced by heat-shock (PARKER and ToproL 1984; WU
1984a, b; 1985). GARFINKEL, PRUITT and MEYERO-
wiTz (1983) examined the promoter sequences of
three glue protein genes residing as a cluster in cyto-
logical region 68C. They have detected two regions,
15 and 28 bp long, of nearly perfect identity in the
promoter sequences of the glue protein genes Sgs-7
and Sgs-8 although the third member of the cluster,
Sgs-3, does not contain these sequences within its
promoter region. Similarly, DELANEY et al. (1987)
found two regions of homology in the 5’-flanking
sequences of three genes encoding larval serum pro-
tein 1 and a six-bp element has been found in the 5’-
flanking sequences of several chorion protein genes
(WONG et al. 1985; LEVINE and SPRADLING 1985).
The importance of these sequences in gene regula-
tion, with the exception of heat-shock control ele-
ment, remains to be established.
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Note added in proof: These Rh2 promoter sequence
data will apear in the EMBL/GenBank/DDB] Nu-
cleotide Sequence Databases under the accession num-
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