The Journal

of Neuroscience,

October

1992,

12(10):

3882-3888

Ectopic Expression of Ultraviolet-Rhodopsins
in the Blue
Photoreceptor
Cells of Drosophila: Visual Physiology and
Photochemistry
of Transgenic Animals
Ft. Feiler,3 Ft. Bjornson,2

K. Kirschfeld,3

D. Mismer,41a G. M. Rubin,‘v4 D. P. Smith,‘12 M. Socolich,lv2

and C. S.

ZukeC2

‘Howard Hughes Medical Institute and 2Departments of Biology and Neuroscience, University of California, San Diego,
La Jolla, California 92093-0649, 3Max-Planck-lnstitut ftir biologische Kybernetik, Tubingen, Germany, and 4Department of
Molecular and Cellular Biology, University of California, Berkeley, California

We have generated
transgenic
flies expressing
R7 cell-specific opsins in the major class of photoreceptor
cells of the
Drosophila
retina and characterized
their spectral properties
using high-resolution
microspectrophotometry
and sensitivity recordings.
We show that the Rh3 and Rh4 opsin genes
encode UV-sensitive
opsins with similar spectral properties
to
&ax = 345 nm and 375 nm), and that Rh3 corresponds
the R7p and R7marg class of visual pigments. We have also
generated
Rh3 and Rh4 isoform-specific
antibodies
and
present an R7 cell map of the Drosophila
retina.
In a related set of experiments,
we show that it is possible
to coexpress
two different
visual pigments
functionally
in
the same cell and produce
photoreceptors
that display the
summed spectral response of the individual pigments. These
findings open up the possibility
of tuning an animal’s visual
behavior
by targeted
expression
of combinations
of opsin
genes to selective
types of photoreceptors.

The visual system of Drosophila has served as a model for the
study of cell-cell interactions during retinal development (reviewed by Banerjeeand Zipursky, 1990)and signaltransduction
mechanismsin the neuronal photoreceptor cells (reviewed by
Smith et al., 1991). The Drosophila adult visual system is composedof compound eyes and ocelli. The ocelli are simple eyes
located at the vertex of the head; they expressa violet-sensitive
rhodopsin encodedby the Rh2 gene(Feiler et al., 1988;Mismer
et al., 1988; Pollock and Benzer, 1988). The compound eyes
consist of a repetitive array of 800 ommatidia, or unit eyes,
each containing eight photoreceptor cells. Each photoreceptor
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taining the visual pigment and molecular machinery involved
in phototransduction. The eight photoreceptors can be divided
into three major classesaccording to the position of their rhabdomereswithin the ommatidial cluster, their spectral sensitivities, and their synaptic connectivities in the optic ganglia(reviewed by Franceschini, 1985; Hardie, 1985, 1986). The six
outer photoreceptor cells, Rl-R6, expressa blue-sensitiverhodopsin encoded by the Rhl gene(O’Tousa et al., 1985; Zuker
et al., 1985). The R7 cells are UV-sensitive photoreceptorsand
expresseither Rh3 or Rh4 opsins(Monte11et al., 1987; Zuker
et al., 1987). The R8 photoreceptors are blue-green sensitive
(Harris et al., 1976; Hardie, 1985); the opsin geneexpressedin
the R8 cells hasnot beenisolated. In addition to the main type
of R7 and R8 photoreceptors, there is also a subset of UVsensitive R7 and R8 cells in a specializeddorsal region of the
retina known as the dorsal rim. A spectral map of the retinal
mosaicof the dipteran eye hasbeenworked out usinga number
of complementary physiological approaches,including electrophysiology, microspectrophotometry, epifluoroscopy, and electron microscopy (reviewed by Hardie, 1985). However, the lack
of cell-specific markers and physiological and molecular correspondencebetween visual pigments and cell types has made
it difficult to generatea complete map.
The R l-R6 cellsrepresentthe major photoreceptor cell class
in the fly retina. Studies of the visual physiology and spectral
responsesof R7 cellsare possiblein Drosophila mutants lacking
the Rl-R6 photoreceptor cells. Such studieshave shown that
R7 cellsappearto bea homogeneouspopulation of UV-sensitive
photoreceptors (Harris et al., 1976). By contrast, examination
of individual R7 cells from larger flies revealed the presenceof
two major classesof R7 photoreceptor cells (defined by their
absorption profiles): R7 yellow (R7y), representing approximately 70% of the R7 photoreceptors,and R7 pale (R7p), making up most of the remaining R7 cells (Kirschfeld et al., 1978;
Hardie, 1986). Two R7 cell-specific opsin geneshave been isolated in Drosophila, Rh3 (Zuker et al., 1987)and Rh4 (Monte11
et al., 1987). These genesappear to be expressedin nonoverlapping setsof R7 cell populations (Monte11et al., 1987;Fortini
and Rubin, 1990). The mechanismsresponsiblefor generating
this nonoverlapping expressionprofile are not known, but small
&-acting regulatory elementsnecessaryand sufficient to generate this pattern have beenidentified (Fortini and Rubin, 1990).
Gene fusions between these regulatory elementsand the bacterial 1acZgene showedthat Rh3-1acZconstructs are expressed
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in approximately
one-third of the R7 photoreceptors,
and in a
specialized set of R7 cells located in the dorsal margin of the
retina (R7marg). Rh4-1acZ constructs are expressed in the remaining two-thirds
of the R7 photoreceptors.
Given these findings, Rh3-expressing
cells have been thought to correspond to
the R7p cells, and Rh4-expressing
cells, to the R7y class.
Although the genes encoding the R7 cell-specific opsins have
not yet been isolated in the larger flies, the R7p photoreceptors
are thought to express a UV-absorbing
opsin that is responsible
for their UV-sensitivity
(Hardie et al., 1979; Hardie and Kirschfeld, 1983). In contrast, R7y photoreceptor
cells are thought to
express a blue-absorbing
opsin. These cells are also UV-sensitive
because they contain a UV-sensitive
sensitizing pigment that
absorbs energy in the UV and transfers the energy to the blueabsorbing opsin, leading to its activation (Kirschfeld et al., 1977;
Hardie et al., 1979; McIntyre and Kirschfeld,
198 1; Hardie and
Kirschfeld,
1983). In order to further our understanding
of the
role of the R7 cell-specific
photopigments,
we have directly
examined the spectral behavior of the Drosophila Rh3 and Rh4
opsins in vivo. Our approach involved the targeted expression
of these minor opsins to the major photoreceptor
cell class, so
as to provide an identical, well-defined
cellular environment
suitable for photochemical
and physiological
studies (Feiler et
al., 1988; Zuker et al., 1988). Our results demonstrate that Rh3
and Rh4 encode UV-absorbing
opsins with maximal sensitivity
at 345-375 nm. These findings are discussed in relation to R7
cell spectral specificity, and spectral tuning of opsins.
In a related study, we have designed experiments to determine
whether a photoreceptor
cell is functionally
competent to express multiple visual pigments simultaneously.
In both vertebrates and invertebrates,
individual
photoreceptor
cells express
only a single type of opsin (Fein and Szuts, 1982). The molecular
basis of this “gene exclusion”
is not known but is likely to
involve the activity of cell-specific regulatory factors. We have
now generated transgenic flies expressing two different rhodopsins in the same photoreceptor
cells. In this article, we show
that a single photoreceptor
is indeed capable of functionally
coexpressing two photopigments
and that when it does so it
becomes tuned to the summed spectral response of the two
opsins.

Materials and Methods
Fly stocks and P-element-mediated
DNA transformations. Fly stocks
carrying the ninaW7 mutation were obtained from J. O’Tousa, Purdue
University. Drosophila transformations were carried out exactly as described by Karess and Rubin (1984). Helper DNA was used at a concentration of 200 pg/ml and sample DNA at 1 mg’ml. When using the
pUChsneo vector, stocks were selected and maintained as described by
Steller and Pirotta (1985). When using rosy vectors ninaE”‘, ry5’06flies
were used as hosts. Multiple transformed lines were analyzed for each
construct. Genetic crosses were carried out under standard laboratory
conditions using standard balancer stocks (Lindsley and Grell, 1968).
The Rhl+3 and Rh 1+4 transcriptional fusions were generated by
ligating the entire structural gene for each of the minor opsins, including
upstream untranslated sequences (see Monte11 et al., 1987; Zuker et al.,
1987) to a 2.8 kilobase (kb) Rhl promoter fragment containing 67
nucleotides of untranslated leader (Mismer and Rubin, 1989).
Isolation, blotting, and hybridization of RNA. RNA was extracted
from the heads of the appropriate stocks exactly described by Zuker et
al. (1988). Heads of adult flies were separated from bodies as described
by Oliver and Philips (1970). Fractionation of the RNAs on formaldehyde gels, transfer onto nitrocellulose paper, and hybridizations were
carried out exactly as described bv Zuker et al. (1988). A 1 kb PstlHind111 fragment bf Rh3 (Zuker etal., 1987) anda 0.5’kb Pstl-EcoRl
fragment of Rh4 (Monte11 et al., 1987) were used as gene-specific probes
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in all hybridizations. These fragments contain 3’-untranslated sequences
and do not cross-hybridize with any other known opsin.
Tissue sections and immunolabeling.
Tissue sections and antibody
stains were carried out as described by Monte11 and Rubin (1989).
Frozen sections were obtained using a Reichert-Jung 2800 Frigocut-E
cryostat (Cambridge Inst. Inc., Chicago, IL). The anti-Rh4 antibody was
generated against a 15-mer peptide from residues 352-366 (Zuker et
al., 1987). The anti-Rh3 antibody was generated against the equivalent
region of Rh3 (Zuker et al., 1987). These sequences are different in the
different Drosophila opsins. The Rh3 antibodies were generated in rabbits, and the Rh4 antibodies were generated in rats. Both antibodies
were affinity purified on an Affigel column (Bio-Rad) conjugated with
the corresponding immunizing peptides.
Electroretinogram recordings. All recordings were carried out on whiteeyed flies. Glass or wick electrodes were filled with standard saline.
Light stimulation was by means of a xenon light beam (450 W Osram,
Oriel Corp., Stratford, CT) passed through a high-intensity grating
monochromator (Oriel model 77264). Unfiltered light intensity was 1.8
x 1Om3W at sample level. Signals were amplified by means of a World
Precision Instruments (New Haven, CT) Dam 60 preamplifier and digitized on a 1 MHz A/D board (RC-Electronics, Santa Barbara, CA).
Microspectrophotometryandspectralsensitivity.
A Leitz MPV2 singlebeam microspectrophotometer
equipped with Zeiss Ultrafluor optics
and a PRC 31034 photomultiplier
were used for the absorption measurements (Kirschfeld et al., 1978). Spectral sensitivities were measured
with a “light-clamp”
technique (Franceschini, 1979; Kirschfeld et al.,
1988b). A quartz neutral density wedge (density O-3) is rotated in the
path of the stimulating light in such a way that the electroretinogram
(ERG) is constant during the scan through the spectrum (monochromator Zeiss MM 12). Signal-to-noise ratio was improved by chopping
the light stimulus (5-20 Hz) and averaging over the area of the AC
signal.

Results and Discussion
An R7 cell map of the retinal mosaic of the wild-type Drosophila
eye is shown in Figure lA-D. We generated anti-peptide
antibodies specific for the Rh3 and Rh4 opsins and mapped the
sites of expression of Rh3 and Rh4 by using a combination
of
direct and indirect immunofluorescence
staining of Rh3 and
Rh4 opsins in wild-type and mutant retinas. The use of isoform
specific antibodies allows us to use distinct antibody probes to
identify Rh3- and Rh4-expressing
R7 photoreceptor
cells simultaneously.
Rh3 is expressed in approximately
30% of the
R7 photoreceptors,
and Rh4 in the remaining
70% of the R7
cells (Fig. lA,B,D). In addition, there is a specialized group of
R7 and R8 photoreceptors
in the dorsal margin of the retina,
(R7/8marg)
that express the Rh3 rhodopsin (Fig. 1 C, see arrow
in Fig. 1A). These findings functionally
corroborate
studies of
P-galactosidase
expression in transgenic flies expressing 1acZ
under the control of the Rh3 and Rh4 promoters (Fortini and
Rubin, 1990). No overlap is seen in the expression patterns of
the Rh3 and Rh4 genes, demonstrating
an exquisite level of
cellular specificity (Monte11 et al., 1987; Fortini and Rubin,
1990). As it had been previously suggested from RNA in situ
hybridization
studies (Monte11 et al., 1987), these two opsins
appear to account for all of the R7 cells in the Drosophila retina.

Ectopic expressionof R7 rhodopsins
Visual input by the Rl-R6 photoreceptors
dominate optomotor
behavior in Drosophila melanogaster(reviewed by Heisenberg
and Wolf, 1984). These cells also dominate
the spectral and
physiological
responses of the eye. Minor opsins can be ectopically expressed in the Rl-R6
photoreceptors
by generating
transgenic flies expressing a chimeric gene consisting of a transcriptional
fusion between the promoter region from the Rhl
rhodopsin
gene (ninaI?), and the structural gene for a minor
opsin (Feiler et al., 1988; Zuker et al., 1988). If the endogenous
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animal to animal. There is no expression overlap between both pigments (determined by observation of multiple tissue sections in multiple animals).
C, Shown is a section through the retina of a sevenless mutant. In this mutant, the R7 cells are removed, yet note the presence of cells in the dorsal
margin of the retina that still express the Rh3 opsin. These cells correspond to the R8marg photoreceptors. D, Shown is a longitudinal section
through the retina of a wild-type animal. Compare the staining profile with those of E and F. E, Staining of ninaE;P[Rhl+J] transgenic animals
with anti-Rh3 and anti-Rh4 antibodies. Note the expression of Rh3 throughout the Rl-R6 photoreceptors (compare with D). F, Staining of ninaE;
P[Rhl+4] flies with anti-Rh3 and anti-Rh4 antibodies. Note the ectopic expression of Rh4, and the normal pattern of Rh3. See text for additional
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Rh 1 rhodopsin geneis deleted in theseflies (ninuEf’7 mutants),
onecan replacethe Rh 1rhodopsin with one of the minor opsins,
and thus functionally overexpresstheseminor opsinsin the R lR6 cells. A major advantage of using ectopically expressedopsins to study their physiological and spectral properties is that
they are all expressedin the samecell type, sothey are processed
and function in an identical cellular environment.
We generatedtransgenicflies containing transcriptional gene

fusions between the Rhl promoter and the structural gene for
opsinsspecific for the R7 cells (Rh3 and Rh4). Figure 1, E and
F, showsthat the transgenic animals, either ninaE; PfRhl+3]
or ninaE; P[Rhl+4], now expressthe Rh3, or Rh4 opsin in the
R l-R6 photoreceptor cells. As expected, the nonoverexpressed
R7 opsin (e.g., Rh3 in the ninaE; P[Rhl+4] animals or Rh4 in
the ninuE; P[Rh I+ 31animals) are still properly regulatedin the
transgenic flies (compare Fig. 1D and Fig. lE,F).
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Figure2. Rh3andRh4 rescuethe visual response ofninaE mutants.Shown
are ERG recordings from ninaEmutant
flies, and from ninaE mutants trans-
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Electrophysiological recordingsfrom several transgeniclines
indicate that the R7 opsins are fully functional in their novel
cellular environment (Fig. 2). Shown are electroretinographs
obtained from the homozygous ninaE mutant hosts(left panel),
and of the transgenic flies expressingeither the Rh3 (middle
panel) or Rh4 opsins (right panel). Unlike vertebrates, most
invertebrate photopigments do not bleach following light activation and can be photoconverted from the photoactive rhodopsin form (R-form) into a thermally stable metarhodopsin
(M-) form (reviewed by Minke, 1986). Whenever a substantial
amount of visually active R-form is converted to the M-form,
R l-R6 photoreceptors undergo a prolonged depolarizing afterpotential (PDA) that persistsafter cessationof the light stimulus
(Minke et al., 1975; Hillman et al., 1983). This PDA can be
suppressedby photoconverting M back to R. ninaE mutant flies
do not have any rhodopsin in their Rl-R6 photoreceptors and
cannot undergo a PDA (thus the name “neither inactivation
nor afterpotential”; Pak, 1979) (Fig. 2, leftpanel). Transgenic
fliesexpressingeither the Rh3 or Rh4 opsin in the Rl-R6 cells
display robust PDAs following UV-light stimulation, thus demonstrating the presenceof high levels of functional opsinin their
R l-R6 photoreceptors and the activation of the visual cascade.
Spectral and photochemicalproperties of R7 opsins
To determine the absorption and sensitivity maxima of the
Drosophila Rh3 and Rh4 photopigments,we carried out detailed
microspectrophotometric (MSP) and electrophysiological recordingsfrom the eyesof ninaE; P[Rhl+3Jand ninaE; P[Rhl+4]
flies. The spectral properties of the visually active state of the
pigments (R-form) were determined by carrying out ERG recordings on the transformed flies using the “light-clamp” technique (Franceschini, 1979;Kirschfeld et al., 1988b).The R-states
of thesepigmentscannot be determined by MSP becauseof the
poor signal-to-noiseratio in the UV range. Figure 3A showsthe
spectral sensitivity of the Rh3 and Rh4 visual pigments in the
transgenicflies. The results show that the Rh3 and Rh4 opsins
are UV sensitive with sensitivity maxima at 345 and 375 nm,
respectively. The absorption maxima of the M-state of these
opsinswasdetermined by in vivo microspectrophotometry. We
carried out difference spectra, which compare absorption profiles of the Rh3 and Rh4 expressingphotoreceptors after photoconversion between the R- and M-states (Fig. 3B). The difference spectrafor wavelengthslonger than the isosbesticpoint
reflect the absorption of the M-state due to the small overlap
betweenthe R- and M-forms. Usingthis protocol, ninaE mutant
hosts display no difference spectra due to their lack of visual
pigment (data not shown; seeFeiler et al., 1988). Control wildtype flies displayed difference spectrawith the well-known max-

ima of the Rhl opsin at 480 nm (R) and 580 nm (M), respectively. In contrast, both Rh3 and Rh4 show M-forms with maxima at 460-465 nm.
In order to determine the relationship between the spectral

r
$
..if

1.0

3
Q) 0.5
.->
-6
z
+i

nn
400

Wavelength

500

600

(nm)

1.0
.-5
z
6 0.5

k

W

.L
Ti0.0
z
a

-0.5

300

400

Wavelength

500

600

(nm)

Figure3. Spectral properties of Rh3 and Rh4. A, Spectral sensitivity
recordings from ninaE; P[Rhl+3] (n = 6) and ninaE;P[Rhl+4] (n =
15) transgenic flies. The spectra were calculated from ERG measurements ofwhite-eyed flies using the light-clamp technique of Franceschini
(1979).In essence,
thereceptorpotentialof thecellto agivenwavelength
of light is clamped to a reference value by adjusting the light intensity
with a quartz neutral density wedge. The sensitivity of the cell is inversely related to light flux at any given wavelength. Error bars show
SD. The resolution of the monochromator, indicated as a solidtriangle
(L), is 2 nm at 350 nm. B, Difference spectra from ninaE; P[Rhl+3]
(n = 20) and ninaE;P[Rhl+4/ (n = 20) transgenicflies.The datawere
obtained from white-eyed animals. The recording paradigm was exactly
as previously described (Feiler et al., 1988).
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Figure 4. Rh3 is the R7p visual pigment. A, The graphshowsa comparisonof thespectralpropertiesofthe ectopicallyexpressed
Drosophila
Rh3opsin(solidlines)andthevisualpigmentofthe R7pphotoreceptors
of Muscu(brokenlines).Spectralsensitivity (monitoringthe R-state)
and differencespectra(monitoringthe M-state)of MUSCU
7p photoreceptorsarefrom Hardieand Kirschfeld(1983)andKirschfeld(1979),
respectively.Note the nearlyperfectspectraloverlapbetweenRh3and
the opsinfound in R7p cellsof largerflies.B, SpectralsensitivityrecordingsfromMuscaR7/8margphotoreceptors
(datafrom Hardie,1984)
comparedwith spectralsensitivityprofilesof Muscu R7p cells.Note
the identicalresponses
of both celltypes.C, Comparison
of thespectral
profilesbetweenthe Drosophila Rh4 opsin(solid lines) and the opsin
found in Musca 7y photoreceptors
(broken lines; datafrom Kirschfeld
et al., 1988b).

properties of the Rh3 and Rh4 opsinswith the different types
of R7 cells, we compared the spectralprofiles of the ectopically
expressedDrosophila
Rh3 and Rh4 opsins with those of the
well-characterized R7y, R7p, and R7marg cellsfrom larger flies.
The R7p photoreceptors of Musca and Calliphora
have absorption maxima at 340 nm and 460 nm for the R- and M-forms,
respectively (Hardie et al., 1979; Hardie, 1983; Hardie and
Kirschfeld, 1983).The R7y photoreceptorshave an R-form that
absorbsmaximally at 430 and an M-form that absorbsat 510
nm (Kirschfeld et al., 1988a). In addition to these two major
classes,there is also a small set of specialized R7 cells in the
dorsalmargin ofthe eyethat display high polarization sensitivity
(R7marg). These spectrally match the R7p cells(Hardie, 1984).
Figure 4 showsthe comparison of the spectral profiles of the
Drosophila
Rh3 and Rh4 opsin with the spectral properties of
Musca R7y and R7p photoreceptors. Rl-R6 photoreceptors
expressingthe Rh3 opsin show a spectralsensitivity profile that
closely resemblesthat of the visual pigment found in the 7p
photoreceptors of Musca (R7p). Moreover, the difference spectrum maximum of Rh3 fits that of the R7p visual pigment (Fig.
4A). Figure 4B showsspectral sensitivity recordings from R7/
8marg cells (Hardie, 1984), demonstrating the spectraloverlap
of sensitivities between the Rh3 pigment and R7/8marg photoreceptors of Musca. Since Rh3-expressingR7 photoreceptors
are also found in the dorsal margin of the Drosophila retina
(Fortini and Rubin, 1990), they are likely to be the functional
equivalent of the polarization-sensitive R7marg cells characterized in the larger flies (seeFig. lc).
Since the spectralfingerprint of the Rh3 pigment corresponds
to the spectral properties of receptors 7p in larger flies, we expected properties of Rh4 to correspond to those of 7y photoreceptors. The R7y photoreceptors of Calliphora
and Musca
represent a remarkable example of a novel strategy used by
photoreceptor cellsto tune their spectral sensitivity. Thesecells
expressa blue-absorbingopsin coupledto a highly sensitiveUVabsorbing pigment that transfers the energy to the opsin molecule (Hardie and Kirschfeld, 1983; Kirschfeld et al., 1988a).
In addition, there is a photostable pigment (C,,-carotenoid) incorporated into the rhabdomeresthat acts as a blue-absorbing
light filter and suppressesthe sensitivity of the blue opsin. As
a result, R7y cellsshow maximal spectral sensitivity at 350 nm.
UV-light stimulation triggers a PDA in ninaE; P[Rhl+4]
animals (Fig. 2), but the spectral properties of the ectopically expressedDrosophila Rh4 opsin do not match those of the visual
pigment expressedin the R7y cells; neither the sensitivity nor
the difference spectra overlap. Interestingly, the Rh4 pigment
matches the overall spectral sensitivity of the R7y cells (Fig.
4C’), making the Rh4-expressing photoreceptors functionally

equivalent to the 7y receptors. Since there is no direct evidence
on the spectral sensitivity of the 7y photoreceptors in Drosophila, this interpretation assumesthat the spectral properties of
Rh4 are not modified by incorporation into the foreign Rl-R6
microvillar lipid environment. Theseresultsraisethe interesting
question as to why Drosophila
has two types of R7 cells expressingdifferent opsins with nearly identical spectral properties. Even more puzzling is the fact that the Drosophila 7y receptors, though not having the UV-absorbing sensitizingpigment,
still have the photostable C,,-carotenoid (R. Feiler and K.
Kirschfeld, unpublished observations).
The observation that the Rh3 and Rh4 opsins have very
similar spectra,even though they display only 70% amino acid
identity, provides a valuable framework for the identification
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Figure 5. Functional expression of multiple visual pigments in a single photoreceptor cell. Transgenic animals expressing the blue (Rhl; X,,, =
480 nm) and violet (Rh2; X,,, = 420 nm) in the R l-R6 photoreceptors were generated by expression of both genes under the control of the Rh 1
promoter (Fl progeny of wJff8 x ninaE; P/Rhl+2]). A, The graph shows a plot relating the concentration of Rh2 visual pigment as a function of
Rhl pigment. MSP recordings represent values obtained from whole eyes (pooled Rl-R6 photoreceptor cells). In only 4 cases out of 32 examined,
Rh 1 alone was detected. The concentrations were calculated from best-fit models to the difference spectra (Feiler et al., 1988) after three different
combinations of adapting lights: 402 nm/499 nm, chosen to shift only Rh2; 456 nm/584 nm, chosen to shift only Rhl; and 365 nm/475 nm, which
was chosen to shift Rhl and Rh2. The inset shows recordings from control sibling animals expressing only the Rhl opsin. As expected, only
adapting wavelengths that shift the Rhl pigment generated difference spectra. B, Spectral sensitivity recordings from wild-type flies (Rhl), from
control n&E mutants expressing the Rh2 opsin in the Rl-R6 photoreceptors (Rh2;seeFeiler et al., 1988) and from transgenic flies expressing
the Rhl and Rh2 opsins in the Rl-R6 cells (labeled as Rhl+2). The Rhl+2 animals display a spectral sensitivity profile matching the summed
response of the Rhl and Rh2 visual pigments. Note the presence of the characteristic UV peak associated with a sensitizing pigment found in RlR6 cells (Feiler et al., 1988). C, Single-cell MSP measurements demonstrating the functional coexpression of Rhl and Rh2 in the same rhabdomere.
The recording paradigm utilized different combinations of adapting lights to distinguish between Rhl, Rh2, or Rh 1 and Rh2 expression (365 nm/
475 nm, 402 nm/499 nm, and 465 nm/584 nm). If there is only one pigment present, only the amplitude of the difference spectra should change;
the isosbestic point should remain the same. However, all three adapting conditions produced difference spectra displaying a shift in isosbestic
points (arrows), demonstrating functional coexpression of both pigments in the same photoreceptor cell. The results can be modeled (broken lines)
by using an opsin ratio of Rh2:Rhl = 3/4. Twelve additional single rhabdomeres from four flies were analyzed with equivalent results.

of amino acid residuesinvolved in spectraltuning of the visual
pigment molecule. Amino acid sequencecomparison between
the UV opsins (Rh3/Rh4) and between the UV and the blue
(Rhl; Zuker et al., 1985)and violet (Rh2; Cowman et al., 1986)
rhodopsinspoints to the last three transmembranedomains as
being particularly important in spectral tuning (seeFig. 8 in
Zuker et al., 1987). Interestingly, a red-greenrecombinant human opsin gene, generatedby an unequal crossing-over event
betweenthesetwo closely linked genes,also implicates the last
three transmembrane segmentsas being important determinants of spectral specificity (Neitz et al., 1989). In particular,
the presenceof the last three transmembranesegmentsfrom the
green gene makes the fusion protein green-like in its spectral
properties.
Single photoreceptor cells canfunctionally coexpressmultiple
opsins
Photoreceptor cells appear to express a single type of visual
pigment molecule per cell. Expression of one type of visual

pigment molecule excludes expressionof any other forms; this
exclusion is seen throughout the animal kingdom (Fein and
Szuts, 1982). For instance, the cell-specific expressionof opsin
genesin the vertebrate retina defines different types of cone
photoreceptors as blue, red, or green. Although different opsin
geneshave been functionally expressedin the RI-R6 photoreceptors of transgenic Drosophila strains (Zuker et al., 1988;
presentresults), it is not known whether a singlephotoreceptor
cell is competent to express functional pigment moleculesof
different types simultaneously. For example, there may be feedback control mechanismsthat prevent such coexpression,or
different opsinsmay couple to the downstreamG-proteins with
different efficiencies so as to bias the spectral behavior of cells
coexpressingdifferent opsins.
To determine whether photoreceptor cells can coexpressopsins displaying different spectral specificities, we generated
transgenicflies that contain the blue Rhl opsin (X,,, = 480 nm)
and the violet Rh2 opsin (X,,, = 420 nm) geneunder the control
of the sameRl-R6 photoreceptor cell-specificpromoter. Func-
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tional expressionof the opsinswas assayedby MSP and electrophysiological recordingsfrom pooled Rl-R6 cells(i.e., from
the combined signalsof many Rl-R6 cells). In addition, we
carried out detailed MSP analysison singlephotoreceptor cells.
Figure 5A showsMSP analysisfrom a largesampleof transgenic
flies demonstrating that in most casestheir pooled Rl-R6 photoreceptor cellsexpressRh 1 and Rh2 opsins.As expected, control sibling flies carrying only the Rhl opsin geneexpressonly
the Rhl visual pigment (Fig. 5A, inset). Proof that a single
photoreceptor cell functionally coexpressesboth opsin molecules was obtained by single-cellMSP analysis. The recording
paradigm involved the use of adapting light combinations that
can distinguish betweencells expressingRh 1, Rh2, or Rh 1 and
Rh2. A changein isosbesticpoint at the different adapting wavelengthsindicates coexpressionof the two pigments.The results
(Fig. 5C) demonstrate that individual photoreceptor cells expressspectrally active Rh 1 and Rh2 opsins.
If the transformed flies expresssimilar levels of each visual
pigment molecule, and if both opsins couple to downstream
effector moleculeswith similar efficacy, the spectralresponseof
the animals should be tuned to a new wavelength representing
the summedresponseof the blue and violet rhodopsins.Indeed,
Figure 5B demonstratesthat transformed flies expressingblue
and violet rhodopsin in the Rl-R6 photoreceptors trigger receptor potentials tuned to the combined spectral responseof
both rhodopsins.Taken together, theseresultsdemonstratethat
a singlephotoreceptor cell can functionally coexpressdifferent
opsinsand open the possibility of tuning an animal’s behavior
by targeting multiple visual pigments, possibleat different expressionratios, to selective photoreceptor cells.
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