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Photoreceptor cells of the Drosophila compound eye begin to develop specialized membrane foldings at the
apical surface in midpupation. The microvillar structure ultimately forms the rhabdomere, an actin-rich
light-gathering organelle with a characteristic shape and morphology. In a P-element transposition screen, we
isolated mutations in a gene, bifocal (bif), which is required for the development of normal rhabdomeres. The
morphological defects seen in bif mutant animals, in which the distinct contact domains established by the
newly formed rhabdomeres are abnormal, first become apparent during midpupal development. The later
defects seen in the mutant adult R cells are more dramatic, with the rhabdomeres enlarged, elongated, and
frequently split. bif encodes a novel putative protein of 1063 amino acids which is expressed in the embryo and
the larval eye imaginal disc in a pattern identical to that of F actin. During pupal development, Bif localizes
to the base of the filamentous actin associated with the forming rhabdomeres along one side of the differen-
tiating R cells. On the basis of its subcellular localization and loss-of-function phenotype, we discuss possible
roles of Bif in photoreceptor morphogenesis.

The Drosophila eye has provided an excellent system with
which to study pattern formation and differentiation at the
single-cell level. The adult compound eye consists of ;800 unit
eyes, or ommatidia, each containing eight photoreceptor neu-
rons (R cells) and an invariant array of nonneuronal accessory
cells. Each R cell projects to the center of the eye a microvillar
stack of membranes rich in rhodopsin, called the rhabdomere
(32). Rhabdomere position and size serve to distinguish be-
tween different classes of R cells.

Pattern formation in the developing Drosophila eye begins in
the third instar larval eye disc and is closely associated with a
morphological indentation in the disc called the morphoge-
netic furrow, which moves across the disc epithelium in a
posterior-to-anterior direction (19). Differentiation of R cells
initiates at the posterior edge of the furrow, and their forma-
tion is completed by the end of the third larval instar stage. In
the midpupal stage (starting ;48 h postpuparium formation),
R cells develop actin-rich microvillar structures (which will
later form rhabdomeres) at the apical surface, a process
normally characterized by disorganized membrane ruffling
(29). At this stage, two distinct apical domains become ap-
parent, a microvillar tip facing the future interretinal space
and a smooth stalk extending to the adherens junctions (15).
R7 projects to the center of the ommatidium and contacts
surrounding rhabdomeres of other R cells. R3 builds its
rhabdomere against the stalks of R2 and R4, whereas R4
forms contacts with the rhabdomeres of R2 and R7. Rhab-
domere development is essentially completed at 110 h of
pupation (prior to eclosion), by which stage they retract
from the center of the retina, leaving behind an interretinal
space.

At the subcellular level, the rhabdomeral microvilli are sup-
ported by an axial actin cytoskeleton and each microvillus

contains a coalescence of at least two actin filaments (1) which
extend from the distal ends of microvilli (barbed end of the
filament) well into the cytoplasm of R cells (pointed end).
Their pointed ends do not appear to be cross-linked in a
“terminal web” fashion characteristic of the brush border mi-
crovilli (8, 17).

The microvillar rhabdomere of each R cell has its own char-
acteristic position and shape and represents an interesting cel-
lular subspecification for the study changes in cell morphology.
Mutations that affect the normal rhabdomere structure usually
result in a rough-eye phenotype. This class of mutations in-
cludes chaoptin, calphotin, rdgc, and ninaC. Chaoptin is a glyco-
protein localized to the extracellular face of R-cell plasma
membranes, and its mutation causes microvillar disorgani-
zation in developing rhabdomeres and disrupts the closely
apposed membranes of adjacent R cells (28). Mutations in
calphotin, which encodes an R-cell-specific calcium-binding
protein, and rdgC, which encodes the calcium-binding serine/
threonine protein phosphatase, have also been shown to cause
structural alteration or misorientation of rhabdomeres (24,
34). In addition, mutations in ninaC, a gene encoding actin-
based mechanoenzymes (kinase/myosin chimeras), result in
fragmentation of the microvillar axial actin cytoskeleton and
degeneration of the rhabdomeres (12).

In this paper, we describe the isolation and characterization
of the gene bifocal (bif), which encodes a novel protein re-
quired for normal rhabdomere development in photoreceptor
cells. Complete loss-of-function mutations in bif result in large,
elongated, and frequently disrupted rhabdomeres. At the sub-
cellular level, bif mutations affect actin distribution and disrupt
the initial contact domains established by newly formed rhab-
domeres. In addition, both the Bif and F-actin proteins colo-
calize at various developmental stages. The morphological de-
fects associated with its loss of function and its subcellular
localization suggest a requirement for the Bif protein in main-
taining the shape and structural integrity of R-cell rhabdo-
meres.
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MATERIALS AND METHODS

Standard molecular biology techniques were carried out as described by Sam-
brook et al. (21). Standard fly techniques were performed as described by Ash-
burner (2). The block and Prosite searches were carried out by using the MacPat-
tern computer program as described by Fuchs (11).

Mutagenesis. P842 and P907 are two insertion lines carrying a P-element
derivative, P[(w1 ry1)], that contains the white and rosy genes (14) inserted in the
10D region of the Drosophila X chromosome. The eye colors of these insertion
lines are completely wild type (wt), and it was not possible to select for local
transpositions on the basis of a change in eye color. The P elements in these lines
were mobilized by using the immobile element P[ry1 D2-3](99B) as a transposase
source (20). Jump starter males of the genotype P842 (or P907)/Y; P[ry1 D2-3]
(99B), Sb/1 were crossed to FM7 virgin females. Three hundred lines, each of
which was derived from a single nonselected (w1), mobilized-insertion-carrying
chromosome, were established. These were analyzed by Southern blotting with
wt genomic DNA flanking the P842 insertion site as hybridization probes. Several
small deletion events which removed flanking DNA but retained the w1 gene in
the original insertion were recovered.

In addition, we took advantage of an interaction between bif and Df(2L)Prl to
screen for additional mutant alleles of bif. Df(2L)Prl is a deficiency which re-
moves the 32F1-3; 33F1-2 cytological interval (10) and acts as a dominant
enhancer for the weak rough-eyed phenotype exhibited by loss of function of bif.
Ethyl methanesulfonate (EMS)-treated Df(2L)Prl/CyO males were crossed to
virgin females homozygous for a small deficiency, D59 (see Results), which
removes bif. The resulting heterozygous female progeny (EMS/D59; Prl/1; 1/1)
were scored for eye roughness. The new EMS mutation can be distinguished
from D59 because the D59-carrying chromosome is mutant (w2) for the white
gene at its normal cytological position but carries P842[(w1, ry1)] immediately
flanking the deleted sequence; therefore, the newly induced allele can be recov-
ered on a w2 chromosome as a result of recombination in the interval between
the newly induced mutation and the mutant white gene carried on the D59
chromosome. These new alleles are then checked by Southern blotting to ensure
that they do not possess the D59 deletion.

Additional P-element-induced insertion and deletion alleles of bif were iso-
lated by mobilizing P842. Jump starter females with the genotype w2, P842[(w1,
ry1)]/w2; D2-3 Sb/1 were crossed to Df(2L)Prl/CyO males. Male progeny with
the genotype w1/Y; Df(2L)Prl/1 were scored for eye roughness. The rough-eye
males selected from this screen were balanced over FM7 and analyzed by South-
ern blots. Only deletion mutations which retained the w1 gene carried on the P
element were recovered.

Isolation of bif genomic and cDNA clones. Genomic DNA was prepared from
the P842 insertion line by using standard methods. Subcloning of genomic DNA
flanking the P-element insertion site from the P842 insertion line was described
by Bahri and Chia (3). The subcloned flanking DNA was used as a probe to
screen an EMBL3 wt genomic library (25). Various cloned genomic fragments
were used to screen a 12- to 24-h plasmid embryonic cDNA library constructed
by Brown and Kafatos (4), as well as lgt11 and lZAPII random primed embry-
onic cDNA libraries.

For screening, phage plaques or bacterial colonies were replica plated onto
nylon membranes, denatured, UV cross-linked, and hybridized overnight to the
probe at 65°C in 53 SSCP–53 Denhardt’s solution, 100 mg of dextran sulfate per
ml–200 mg of denatured salmon sperm DNA per ml (21). The filters were washed
three times in 0.13 SSCP–0.1% sodium dodecyl sulfate at 65°C and exposed to
Fuji RX X-ray film.

Northern blot and DNA sequencing. Poly(A)1 RNA was prepared by standard
methods. Two-microgram RNA samples were separated on formaldehyde-aga-
rose gels and transferred onto nylon membranes for hybridization.

For sequencing, overlapping restriction cDNA fragments were subcloned into
M13 and sequenced by using the Sequenase V20 T7 DNA polymerase kit from
United States Biochemicals Inc. Both strands were sequenced by using universal
M13 and gene-specific primers. The Blast computer program was used to search
the nonredundant GenBank, PDB, SwissProt, SPupdate, and PIR databases for
sequence homology.

Immunostaining of embryos and eye discs. Anti-Bif antibody was raised in
rabbits by using the peptide sequence KMFEEASANRRPRAAHRS (amino
acids [aa] 573 to 589). Following incubation of fixed embryos with the primary
anti-Bif antibody and the horseradish peroxidase–anti-rabbit antibody, a modi-
fied horseradish peroxidase immunocytochemical method was used (22). Staging
of embryos was done in accordance with Campos-Ortega and Hartenstein (5).
Photographs were taken by using differential interference contrast optics with a
Zeiss Axiophot microscope. The specificity of the sera used was confirmed by
showing a complete lack of staining in control animals deficient in bif.

For immunofluorescence staining, embryos were devitellinized with 80% eth-
anol in place of methanol. Following incubation with the primary anti-Bif anti-
body and anti-rabbit antibody, embryos were stained with fluorescein isothio-
cyanate-streptavidin for 1 h to visualize Bif expression pattern and with
tetramethylrhodamine isothiocyanate-phalloidin for 0.5 h to visualize actin.
Stained embryos were washed with phosphate buffer-Triton and mounted in
Vectar-shield medium for confocal microscopy.

Prior to sectioning, eyes from adult flies were fixed and embedded in Quetol
651 (Electron Microscopy Sciences) in accordance with the published protocol

(27). The ultrathin sections were counterstained with lead citrate and examined
by transmission electron microscopy.

Pupal eye discs were dissected as previously described (5) and fixed with 4%
paraformaldehyde for 30 min on ice. They were stained with anti-Bif antibody
and tetramethylrhodamine isothiocyanate-phalloidin. A Bio-Rad 600 confocal
microscope was employed to visualize the images.

Nucleotide sequence accession number. The nucleotide sequence of the bifocal
gene has been submitted to the GenBank database under accession no.
AF011791.

RESULTS

Isolation of the bif mutation and its rough-eye phenotype.
The first bifocal mutation resulted from a screen for local
transpositions starting with a P transposon, Is(2)P842 (14),
located in the 10D cytogenetic interval of the Drosophila ge-
nome. Is(2)P842 homozygotes are phenotypically wt. Southern
analysis of 300 putative local transposition events (see Mate-
rials and Methods) revealed that one of these, D59, was in fact
an ;60-kb deletion which removes the entire coding region of
the receptor tyrosine phosphatase gene, DPTP10D (26, 33), as
well as the genomic region located between the P-element
insertion site and DPTP10D (Fig. 1). Animals homozygous for
D59 are viable and exhibit a weak rough-eye phenotype (Fig.
2).

Close examination of the bif rough-eye phenotype revealed
defects in ommatidial and bristle organization. In the wt, the
external surface of the adult eye consists of a hexagonal array
of ;800 facets with bristles projecting from alternate facet
vertices (Fig. 2A). In bif mutant eyes, adjacent ommatidia are
often fused and bristles are short, missing, or duplicated (Fig.
2B). Bristle precursors are largely normal in the mutant, as
seen in anti-Cut antibody-stained pupal discs, but the fused
ommatidia may be caused by occasional loss of pigment cells
(data not shown). Internally, wt adult ommatidia contain eight
photoreceptor cells (R1 to R8), each of which projects into the
center a light-gathering organelle called the rhabdomere. The
eight rhabdomeres have round cross sections and are orga-
nized in an asymmetric trapezoidal pattern (Fig. 2C and G). In
bif mutant ommatidia, the majority of the rhabdomeres have
abnormal morphology; they become enlarged, elongated, or
frequently split as if the rhabdomere were duplicated (Fig.
2D). Electron micrographs show that what appears to be rhab-
domere duplication under an optical microscope is actually a
physical split of the mutant rhabdomeres (Fig. 2H and I). To
determine whether additional R cells are recruited in bif om-
matidia, bif pupal eye discs were stained with an anti-elav
antibody. A normal complement of eight photoreceptor cells
occupying their usual positions were found in the mutant om-
matidia (Fig. 3E and F).

The bif rough-eye phenotype is enhanced by fas1 loss of
function and by loss of two regions of the Drosophila genome.
A genetic interaction screen was carried out in search of dom-
inant enhancers of the bif rough-eye phenotype. In this screen,
bif female virgins were crossed to males carrying mutations or
deficiencies on the second or third chromosome. Male progeny
hemizygous for bif and heterozygous for an autosomal defi-
ciency or mutation were examined. Two deficiencies, Df(2L)Prl
[32F1-3; 33F1-2] and Df(3R)p1 4 [90C02-D01; 91A01-02] (7),
were found to dominantly enhance the bif rough-eye pheno-
type. Closer examination of the mutant eyes revealed that they
also had elongated, malformed rhabdomeres, similar to the
phenotype observed in bif mutants. However, the enhanced
roughness was found to be due to additional loss or irregular
arrangement of ommatidia (data not shown). The region un-
covered by Df(2L)Prl, which is responsible for the observed
dominant enhancement of the phenotype, was further mapped
to the interval 32F1-3; 33B2-3.
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The strong rough-eye phenotype of flies homozygous for bif
and heterozygous for Df(2L)Prl is clearly distinguishable from
those of animals homozygous for a bif null alone. Based on the
interaction with Df(2L)Prl, additional bif alleles were isolated
in screens for eye roughness (see Materials and Methods). R38
and R47 are two P-element-induced deletion alleles isolated in
this screen. They are internal deletions in the bif gene (see
below) that remove 2 and 3 kb, respectively, from the coding
exon 3 regions of bif (Fig. 1). The same strategy was also used
to isolate four EMS alleles which failed to complement the D59
mutant allele.

In addition, enhancement of the bif mutant rough-eye phe-
notype was observed when generating bif males which were
also homozygous for the fas1 mutation. fas1 encodes a neural
cell adhesion molecule (9), and a mutant allele exists which
was caused by insertion of a large, transposable element at
position 89D (18). Revertant alleles from this insertion which
are fas11 did not enhance the roughness of bif mutant eyes. It
is interesting that anti-Fas1 antibody stains all photoreceptor
cells of the third instar larval eye disc in a pattern similar to
that of Bif (data not shown). No obvious defects are seen in
homozygous fas1 eyes. Enhancement of the rough-eye pheno-
type of bif mutant adults was not observed when another neu-
ral cell adhesion molecule, fasIII (23), was used in the genetic
interaction experiment.

Generation of additional bif alleles. To determine which
sequences deleted in D59 might be responsible for the eye
defect, three additional viable P-element-induced deletions
(LH114, LH93, and LH44) were isolated (Fig. 1). LH114 de-
letes ;6 kb of genomic DNA starting from the P-element
insertion site and extending toward, but not into, DPTP10D.
Flies homozygous for this deletion have wt eyes. However, the

overlapping deletion LH93, which removes an additional ;0.5
kb of genomic DNA further towards DPTP10D produces a
rough-eye phenotype. Furthermore, another overlapping dele-
tion, LH44, which removes ;9.5 kb of genomic DNA starting
from the P-element insertion site and extending toward, but
not into, DPTP10D, also produces the abnormal eye pheno-
type. LH93 and LH44 do not complement each other, nor do
they complement D59 for the eye phenotype. Analysis of
these deletions suggested the possibility that DPTP10D is
not involved; rather, an undefined gene (bifocal) located
between the DPTP10D transcription unit and the Is(2)P842
insertion site might, in fact, be responsible for the rough-eye
phenotype. Lending further support to this view, the other
two rough-eye mutations, R47 and R38, which were isolated
by taking advantage of a dominant genetic interaction with
Df(2L)Prl, also remove DNA sequences located between the
DPTP10D transcription unit and the Is(2)P842 insertion site
(Fig. 1).

bif mutations disrupt the open reading frame encoded by a
;5-kb transcript. To determine whether the region under
question harbors an unidentified transcript, an 8.5-kb EcoRI
genomic DNA fragment which overlaps part or all of the re-
gions deleted in the LH44, R38, and R47 mutant alleles (Fig. 1)
was used as a probe in a Northern hybridization experiment.
The results indicate that this probe hybridizes to several tran-
scripts, the most predominant form of which is ;4.5 kb long
(Fig. 3).

Examination of the locations of molecular lesions associated
with the various deletions generated by mobilizing Is(2)842
and the phenotypes they produce strongly supported the view
that the open reading frame encoded by the bif cDNAs is
required for the bif1 phenotype. LH114 homozygotes exhibit

FIG. 1. Schematic representation of the bif gene and its transcripts. An abbreviated restriction map of the genomic region encompassing the bif transcript is shown
on the top line. The two different classes of bif cDNAs described in the text are shown, with exons depicted as empty boxes. Exons 1 to 3 were obtained from a random
primed embryonic cDNA bank. All other cDNA clones were obtained from embryonic libraries described by Brown and Kafatos (4). The positions of the putative
translational initiation and termination sites are indicated as horizontal arrows and solid circles, respectively. The organization of the gene was determined by
sequencing the pertinent regions of the genomic DNA and comparing them with the two cDNA sequences. The exons are numbered. Filled rectangles represent deleted
sequences in the fly lines LH114, LH37, LH44, R47, and R38. w, wild-type eye phenotype; m, mutant eye phenotype; S, SalGI; B, BamHI; H, HindIII; E, EcoRI; N,
NotI. l1 and l2 are two genomic DNA clones covering the bif gene. P represents the genomic bif probe used for cDNA screening and Northern hybridization. The
downward-pointing arrow indicates the 39 end of the DPTP10D transcription unit.
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wt eyes; the deletion associated with LH114 removes se-
quences from the 39-flanking and 39 transcribed nontranslated
region of the bif cDNAs but leaves the open reading frame
intact. In contrast, D59, LH93, LH44, R47, and R38, all of
which produce the mutant eye phenotype, are associated with
lesions which remove all or part of the open reading frame
(Fig. 1). Moreover, with the exception of D59, none of the
mutations appear to affect the expression of the DPTP10D
protein (data not shown). These data indicate that it is the new
transcription unit associated with the bif cDNAs, and not

DPTP10D, which is responsible for the observed mutant eye
phenotype.

bif encodes several transcripts, the most predominant form
of which is ;4.5 kb long (Fig. 3). Their expression is differen-
tially regulated during development, with relatively stronger
expression in embryos, pupae, and adults and weaker expres-
sion in larvae. In the adult head, a larger transcript of ;7 kb is
the predominant species. bif cDNA clones were isolated by
screening embryonic cDNA libraries (see Materials and Meth-
ods). They are all related to each other by restriction mapping

FIG. 2. Phenotype of bif mutant eyes. The top panel shows scanning electron micrographs of wt (A) and bif null (D59) mutant (B) adult eyes; note the presence
of fused ommatidia and short, often missing bristles in B. (C) Optical section of an LH114 mutant adult eye showing a wt regular pattern of ommatidia, each containing
seven R cells which project their rhabdomeres to the center. (D) Optical section from an adult eye of a bif null (D59) mutant showing disorganized ommatidia with
deformed, elongated, and often split rhabdomeres. (E and F) Whole-mount preparations of 50-h wt (C) and bif mutant (D) pupal eye discs showing one ommatidium
stained with anti-elav antibody, which stains the nuclei of all neurons; both wt and bif pupal ommatidia contain eight R cells. G to I are electron micrographs. (G) LH114
showing a wt ommatidium. (H) D59 mutant ommatidium showing elongated/split rhabdomeres. (I) High magnification of H showing a mutant R4 rhabdomere.
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and differ only in the extent of their respective 59 and 39
regions. The two largest clones recovered contain inserts of
;4.6 and ;5.2 kb (referred to henceforth as the bif cDNAs);
these have been sequenced and encode the same open reading
frame (see below). Each of these two cDNAs spans .80% of
the genomic region between the 39 end of the DPTP10D tran-
scription unit and the Is(2)P842 insertion site. The major dif-
ference between the two species is at their respective 39 ter-
mini, where different polyadenylation sites have been utilized.
These two bif cDNAs are each comprised of six exons (Fig. 1);
they contain the same 3,189-bp open reading frame, which
starts with an ATG at nucleotide 305 in exon 2 and ends with
a TGA at nucleotide 3493 in exon 5.

bif encodes a putative novel protein of 1,063 aa (Fig. 4)
which has no striking homology to any known proteins in the
databases searched. Bif is rich in serine/threonine (19.8%) and
contains a stretch of 15 glutamine residues at its N terminus
(aa 66 to 71). Six of the total of 10 tyrosine residues are
concentrated in the C terminus of the Bif protein (aa 916 to
1018). The Prosite search (see Materials and Methods) pre-
dicted a possible tyrosine phosphorylation in the sequence
908KSTKEVPDY.

Defects in bif rhabdomeres are accompanied by abnormal
actin localization. Given the apparent structural cell deformi-
ties associated with bif, we set out to analyze the eye phenotype
at the subcellular level by using antibodies that recognize cyto-
skeletal markers such as actin, spectrin, and phosphotyrosine.
Actin intensely stains the rhabdomeres, whereas phosphoty-
rosine localizes to the cytoplasmic region adjacent to the rhab-
domeral domain of R cells. Spectrin, on the other hand, usually
delineates the boundary of the R-cell body. In these studies,
the bif alleles D59 and LH44 showed results similar to those
obtained with R47.

In wt eyes, actin marks the rhabdomeres very early in their

development. The star-like staining pattern of actin in the
center of the ommatidium at 55 h of pupation is shown in Fig.
5G. At this stage, actin staining is intense in the apical mi-
crovillar tips of R cells facing the future interretinal space and
is also visible in the smooth stalks extending to the adherens
junctions. Proper contacts between these actin-stained apical
domains usually ensure normal rhabdomere development (15).
In bif ommatidia, there is no clear distinction between mi-
crovillar tips and stalks at this stage. Instead, the early star-like
actin staining becomes abnormal, merging together in the cen-
ter to form an equator-like pattern (Fig. 5H).

The other two markers used in this study, spectrin and phos-
photyrosine, were normally localized in bif eye discs (similar to
the wt) and did not show any additional morphological disrup-
tions in mutant R cells (data not shown).

Bif and actin appear to be present at similar subcellular
locations at various developmental stages. Given the effect
that bif mutations have on rhabdomeres and the axial actin
cytoskeleton, the spatial distribution of Bif relative to that of
actin was examined by carrying out double-labelling experi-
ments. The anti-Bif antibody used for this study was raised in
rabbits (see Materials and Methods). Since animals null for bif
are viable, the authenticity of the antibody was ascertained by
using the most stringent criteria; i.e., in embryos or eye imag-
inal discs derived from animals homozygous for the null D59
allele of bif, no staining was observed with the serum used for
this study.

In the wt, anti-Bif antibody stains all photoreceptor cells as
soon as they appear posterior to the morphogenetic furrow in
the third instar larval eye disc (Fig. 5A and C). Longitudinal
optical sections of the discs show that Bif is apically localized
(Fig. 5D and F). At this stage, Bif localization shows a striking
resemblance to actin in the developing photoreceptors. Actin is
also found in all R cells as visualized by phalloidin staining
(Fig. 5B and C) and completely overlaps Bif in the apical

FIG. 3. bif transcripts. Northern blot containing 2 mg of poly(A)1 RNA from
each of the indicated stages was hybridized to an 8.5-kb EcoRI genomic DNA
probe containing bif exons 2 to 4 (see Fig. 1 legend). 0–6h, 6–12h, and 12–24h
indicate the ages of the embryos in hours; 1L, 2L, and 3L are the three different
larval stages; P1-2 and P3-4 indicate the ages of pupae in days; Body, adult body;
Head, adult head. The lower panel shows the same filter probed with actin. The
6–12h lane is underloaded. Two transcripts of ;4.5 and ;5 kb are detected. The
intensity of the 4.5-kb transcript is much higher in the younger embryos (0–6h).
An additional bif transcript of ;7 kb is detected in the head. The values on the
left are molecular sizes in kilobases.

FIG. 4. Deduced amino acid sequence of the Bif protein. The amino acid
sequence encoded by the open reading frame associated with both of the se-
quenced full-length bif cDNA clones is shown. The single predicted tyrosine
phosphorylation site is underlined and in boldface type.
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region (Fig. 5D to F). Both proteins occupy the region where
the future rhabdomeres would normally form. Additional actin
staining is detected in the morphogenetic furrow. At ;55 h of
pupation, Bif becomes localized mainly to the cytoplasmic side
of the extending rhabdomeres (Fig. 5I and J). Partial colocal-
ization of the Bif protein with actin can still be seen at this
stage, although most of the actin staining is localized to the tip
of the rhabdomere (Fig. 5G and J).

Overlapping expression patterns for Bif and actin are also
observed during embryogenesis. During the syncytial blasto-
derm stage, Bif is localized in defined cytoplasmic domains or
caps above somatic nuclei and is closely associated with the
plasma membrane (Fig. 6). These Bif caps undergo cycle-
specific reorganization during each mitosis identical to that of

actin (13). Double-labelling experiments show that the expres-
sion pattern of Bif just prior to the cellularization stage (nu-
clear division cycle 14) corresponds to that of F actin and
appears in a roughly hexagonal pattern (Fig. 7A, B, and C).
The colocalization of both proteins remains throughout cellu-
larization (Fig. 7D, E, and F), and they form rings around the
remaining intracellular gaps at the leading edges of the invag-
inating membrane (30, 31).

Late in embryogenesis, anti-Bif antibody specifically labels
the nerve tracts of the central nervous system (CNS) (Fig. 6D
to F). Staining is first seen in stage 13 embryos, where the
protein seems to be localized primarily on extending neuronal
processes and axons. During stage 14, the staining becomes
associated with both the anterior and posterior commissures

FIG. 6. Bif expression in embryos. Bifocal protein distribution in embryos is very similar to that of F actin. Anterior is to the left. A to C, early preblastoderm stage
embryos showing Bifocal staining in cytoplasmic circular caps located immediately underneath the membrane; A, nuclear division 10 stage embryo; B, higher
magnification of A showing weak filamentous staining between the separating caps; C, nuclear division 11 stage embryo showing strong Bifocal staining in the regions
of contact between adjacent caps (arrowhead). D to F, ventral views of late stage 13 to 16 embryos; D, late stage 13 embryo showing staining in neuropils and axonal
projections; E, stage 14 embryo showing staining in anterior and posterior commissures; F, stage 16 embryo showing staining in longitudinal nerve tracts and horizontal
commissures of the CNS.

FIG. 5. Localization of Bif protein and F actin in larval and pupal eye imaginal discs. (A to C) Confocal images of a whole-mount wt third instar larval eye disc
stained with anti-Bifocal antibody (A; staining is in green) and phalloidin (B; staining for F actin is in red). (C) Overlay of A and B showing regions of colocalization
for F actin and Bifocal (yellow); anterior is to the left. All R cells posterior to the furrow stain for Bifocal. Bifocal staining is not observed anterior to or within the
furrow. D, E, and F are longitudinal optical sections of A, B, and C, respectively; colocalization of both F actin and Bifocal is observed in the apical region of the disc
(yellow). G, I, and J are two ommatidia from a wt 55-h pupal eye disc showing the subcellular localization of Bifocal (green; I and J); phalloidin-stained F actin is red
(G and J). At this stage, Bifocal and actin only partially overlap (J; yellow). (H) Two ommatidia from a 55-h bif mutant pupal eye disc stained with phalloidin showing
a disorganized pattern of F actin characteristic of mutant pupal eye discs at this stage.

VOL. 17, 1997 bifocal MAINTAINS STRUCTURAL INTEGRITY OF RHABDOMERES 5527



and later in stage 16 it becomes associated with both commis-
sures and longitudinal connectives of the CNS. Phalloidin-
stained actin also labels embryonic CNS axons and shows co-
localization with Bif (data not shown).

DISCUSSION

We have cloned and sequenced the bif gene, determined
its protein distribution, and analyzed the phenotypic conse-
quences of its loss of function during rhabdomere develop-
ment. bif encodes a novel protein which colocalizes with actin
during embryogenesis and early during eye development. Phe-
notypic analysis of null alleles of bif indicates that the gene is
not essential for viability and has no apparent functional role
during embryonic development.

However, during eye development and photoreceptor mor-
phogenesis, Bif is required for the normal formation of actin-
rich structures such as rhabdomeres. In the absence of Bif, the
distribution of actin becomes abnormal early during the for-
mation of rhabdomeres. This leads consequently to gross mor-
phological defects in the rhabdomeres of adult photoreceptors.
These observations suggest that Bif is required for the integrity
of the actin-rich rhabdomeres.

Mutation of bif does not affect the recruitment of R cells but
is required for the development of their actin-rich rhabdo-
meres. The early expression pattern of Bif in larval R cells
remains intriguing. Bif is expressed in the extreme apical re-
gion of the cell bodies as soon as they form immediately behind
the furrow and long before the initial events associated with
rhabdomere development occur, yet there are no obvious de-
formities in bif mutant R cells at this stage. All R cells form
normally. This indicates that bif is not required for the forma-
tion of R cells. It is conceivable that a critical level of Bif must
accumulate in the R cell prior to microvillar extension to en-
sure proper formation of rhabdomeres.

The role of bif was established through the analysis of de-
veloping R-cell rhabdomeres in normal and bif mutant eyes.
The formation of actin-rich microvillar rhabdomeres begins at

the apical surface of R cells in midpupation. In bif mutants, the
temporal development of R-cell rhabdomeres is not affected.
However, bif rhabdomeres start to show a variety of morpho-
logical defects during early rhabdomere formation. These de-
formities were found to be accompanied by aberrations in the
actin staining pattern. Bif and actin colocalize in the apical
region of R cells (in the third instar larval eye disc), where
future rhabdomeres would normally form (in midpupation). In
midpupation, most of Bif occupies the cytoplasmic base of the
axial actin associated with the forming rhabdomeres along one
side of the differentiating R cells. The localization data and the
effect on actin distribution suggest that Bif may serve as a
cytoplasmic support for the microvillar actin filaments and its
presence immediately adjacent to apical membrane folding
may confer rigidity on the rapidly expanding cytoplasmic sur-
face. Thus, it appears that the defects of bif rhabdomeres
reflect a developmental function of the bif gene in rhabdomere
growth possibly mediated by involvement of the Bif protein in
the R-cell cytoskeleton.

The actin-rich cytoskeleton mediates several cellular pro-
cesses which lead to changes in cell shape, membrane stability,
movement, and generation of force. This may involve multiple
actin-binding proteins which drive the changes in actin assem-
bly and distribution (for a review, see reference 16). However,
in the Drosophila eye the stabilizing effect that Bif might have
on actin organization may be indirect, as at the molecular level
Bif does not contain any obvious actin-binding domain.

Interaction of bif with the cell adhesion molecule encoded by
fas1? The precise nature of the mutations uncovered by the
deficiencies that phenotypically interact with bif is not known.
However, genetic screens can be carried out to isolate inter-
acting genes and therefore allow the identification of their
gene products that influence the bif mutant phenotype. The
interaction of bif with fas1 differs from its interaction with the
Prl and p14 deficiencies in that the mutation in fas1 acts syn-
ergistically with bif only when both are homozygous. Since Fas1
promotes cell-cell interactions via homophilic binding (9) and

FIG. 7. Bifocal and actin double labelling in embryos. Bifocal is green, and actin is red. A, B, and C show the same embryo at the onset of the cellularization stage
stained with phalloidin (A; red) and for Bifocal (B; green). Bifocal and F actin overlap at this stage (C; yellow). D, E, and F are the same embryo toward the end of
the cellularization stage showing the persistence of F-actin and Bifocal colocalization.
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Bif seems to be associated with the R-cell cytoskeleton, it is
possible that Bif and Fas1 are involved in maintaining the
photoreceptor cytoarchitecture and the overall ommatidial
structure.

The fas1 mutation alone is viable and has no obvious adult
eye phenotype, which indicates that this gene may encode a
redundant function in the eye. In the embryo, a role for fas1 in
the developing CNS axons was established through its genetic
interaction with abelson (9). Similarly, the genetic interaction
with bif provides a basis for the analysis of the functional role
that fas1 may play in eye development.
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