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Eye
ndergo marked changes in their morphology during pupal development. These
changes include a five-fold elongation of the retinal cell body and the morphogenesis of the rhabdomere, the
light sensing structure of the cell. Here we show that twinstar (tsr), which encodes Drosophila cofilin/ADF
(actin-depolymerizing factor), is required for both of these processes. In tsr mutants, the retina is shorter
than normal, the result of a lack of retinal elongation. In addition, in a strong tsr mutant, the rhabdomere
structure is disorganized and the microvilli are short and occasionally unraveled. In an intermediate tsr
mutant, the rhabdomeres are not disorganized but have a wider than normal structure. The adherens
junctions connecting photoreceptor cells to each other are also found to be wider than normal. We propose,
and provide data supporting, that these wide rhabdomeres and adherens junctions are secondary events
caused by the inhibition of retinal elongation. These results provide insight into the functions of the actin
cytoskeleton during morphogenesis of the Drosophila eye.

© 2008 Elsevier Inc. All rights reserved.
Introduction

Neurons have evolved striking and elaborate shapes that are
essential for their function. For example, photoreceptors not only have
extended axons that connect the retina to the brain, but also form an
intricate sensory region composed of layers of folded membranes that
are used to package high concentrations of rhodopsin. In the
vertebrate rod, this sensory region is called the outer segment and is
composed of modified cilia, having a microtubule base. In Drosophila,
the sensory region is the rhabdomere, which has an actin-based
microvilli structure. Understanding how photoreceptors obtain these
intricate shapes is crucial to understanding how they develop. There is
an extensive literature describing the mechanisms by which growth
cones migrate and extend axons, but much less is known about the
morphogenetic mechanisms used by outer segments and rhabdo-
meres to form their complex structures. To study this issue further, we
have analyzed the role of actin cytoskeleton proteins during the
formation of the rhabdomere.

The Drosophila adult compound eye is composed of approxi-
mately 800 identical facets called ommatidia, each of which
functions as an independent visual unit (Ready et al., 1976; Wolff
and Ready, 1991). This uniformity in structure is seen most clearly in
sections through the ommatidia, displaying the precise trapezoidal
pattern of the rhabdomeres. The development and differentiation of
cells of the eye have been studied in great detail (Moses, 2002). In
l rights reserved.
early 3rd instar larvae, the eye disc is a monolayer of undiffer-
entiated cells. At this time, a wave of development occurs, with the
progression of the morphogenetic furrow across the eye disc. As the
furrow progresses, cells differentiate into photoreceptor cells,
followed by the differentiation of the accessory cells during the
early pupal stage (Cagan and Ready, 1989). By 60 h after pupal
formation, all the cells of the ommatidia have taken on their
identities and start to mature, which includes a five-fold increase in
length along the optical axis (Fig. 1A; Longley and Ready, 1995).
During this maturation, the rhabdomere forms at the apical surface
of the photoreceptor cells, then as the apical surface pivots 90° and
expands along the visual axis of the cell, the rhabdomere also
extends the full length of this axis (Fig. 1A).

Understanding how a neuron changes shape requires an under-
standing of how the actin cytoskeleton is altered during develop-
ment. The mechanisms are best understood during actin-based cell
motility events such as the migration of a growth cone (Bamburg et
al., 1999; Maskery and Shinbrot, 2005; Pollard et al., 2000; Pollard
and Borisy, 2003). Cell migration is initiated when an extracellular
stimulus activates the Wasp/Scar proteins (Bi and Zigmond, 1999;
Machesky and Cooper, 1999), which in turn bind and activates the
Arp2/3 complex of proteins, initiating actin polymerization at the
membrane boundary (Blanchoin et al., 2000; Higgs and Pollard,
1999). This polymerization results in a growing web of actin
filaments at the leading edge of the cell that “pushes” the
membrane forward. The alpha and beta Capping Proteins bind to
the ends of filaments, terminating their elongation and directing
growth to other filaments (Carlier and Pantaloni, 1997). A limiting
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Fig. 1. (A) The diagram shows the structure of a mid-pupal (left) and adult (right) ommatidium. The adult ommatidium is longer, the result of a five-fold elongation during pupal
development. As the photoreceptor cells elongate, the rhabdomeres (red) and adherens junctions (dark blue) elongate with the cells. This drawing was modified from Tepass and
Harris (2007). (B) P[ry+; GMR(Gal4-Pc)] contains the eye specific GMR promoter (Ellis et al., 1993; Moses and Rubin, 1991) driving expression of the Gal4-Pc hybrid protein, which
encodes the DNA binding domain of Gal4 (amino acids 4–147) and the repressor domain of Polycomb (amino acids 3–390). The construct also contains the heat shock inducible hsp70
promoter adjacent to the GMR promoter. (C) P[w+; tsrUAS] contains the tsr 6.4 kb genomic rescue fragment, into which a cassette containing 5 copies of the Gal4 UAS DNA binding site
was inserted. P[w+; tsrUAS] is capable of completely rescuing a tsr null mutation. Base pair positions within the 6.4 kb rescue construct are shown. (D) Genetic cross used to generate
the tsr RS mutant flies. TSTL, the compound CyO, TM6B Tb chromosome was used as a balancer.
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factor in filament growth is monomeric G-actin, which is at low
concentrations in stationary cells (Pantaloni et al., 2001). To initiate
cell movement, the G-actin concentration is increased by depoly-
merizing F-actin behind the leading edge (Pollard and Borisy, 2003).
This turnover and reuse is referred to as actin treadmilling and is
stimulated by cofilin/ADF (Pantaloni et al., 2001). All members of
the cofilin/ADF family are small actin-binding proteins (13–19 kDa)
that bind both F- and G-actin. When cofilin/ADF binds F-actin, a
twist is induced in the actin filament structure, which is thought to
enhance depolymerization (Bamburg et al., 1999; McGough et al.,
1997) and produces a 25-fold increase in the dissociation rate in an
in vitro system (Carlier, 1998). Recent work has shown that cofilin/
ADF is multi-functional, for instance in addition to stimulating cell
motility by increasing the concentration of G-actin, it can also sever
F-actin at the leading edge, creating more ends and stimulating new
rounds of actin polymerization (Wang et al., 2007). Cofilin/ADF is
inactivated by phosphorylation of a conserved N-terminal Serine by
LIM kinase (Arber et al., 1998; Yang et al., 1998), whereas slingshot
(ssh) encodes a phosphatase that removes the phosphate and
activates cofilin/ADF (Niwa et al., 2002).

Cofilin/ADF activity is required for survival in Drosophila, as a null
mutation in twinstar (tsr), the Drosophila homologue of cofilin/ADF,
has a lethal phenotype. Flies homozygous for a hypomorphic allele of
tsr displayed cytokinesis defects in bothmeiosis andmitosis (Gunsalus
et al., 1995). A cell motility requirement for tsr was demonstrated by
showing that tsr is required for the cell rearrangements needed for the
formation of terminal filaments during ovary morphogenesis, and for
the migration of border cells during oogenesis (Chen et al., 2001).
These results show that cofilin/ADF is an important regulator of actin-
based cell motility during Drosophila development.
In this paper, we develop a new type of conditional sensitive allele
of tsr called a repressor sensitive mutation. Using this mutation, we
show that tsr activity is required for retinal cell elongation and for the
proper morphogenesis of the rhabdomere. In addition, we show that
rhabdomeres and adherens junctions undergo abnormal widening in
a tsr mutant, and we present a model that these mutant phenotypes
are secondary events due to the lack of retinal cell elongation.

Results

Construction of tsr repressor sensitive mutations

Strong tsr mutations have a recessive lethal phenotype (Gunsalus
et al., 1995), dying as first larval instars, making direct study of the role
of tsr during eye development difficult. Increasing the difficulty is the
requirement of tsr for cytokinesis (Gunsalus et al., 1995), limiting the
use of the FLP/FRT somatic recombination technique. To bypass these
obstacles, we use a repressor sensitive (RS)mutation, which allows the
activity of tsr to be inhibited by the conditional expression of a
transcriptional repressor. A cassette containing five Gal4 UAS binding
sites was inserted into the first intron of tsr (Fig. 1C) within the 6.4 kb
tsr genomic rescue fragment in a P element construct, and transformed
into flies. We found that the P[w+; tsrUAS] transformants can rescue the
tsrΔ96 null mutation, indicating that the insertion of the UAS cassette
did not inhibit the tsr activity of the rescue construct. The P[w+; tsrUAS]
construct was then crossed to a construct that expresses Gal4-Pc, a
hybrid protein containing the DNA binding domain of Gal4 fused to the
transcriptional repressor domain of Polycomb (Muller, 1995) (Fig. 1B).
It had previously been shown that the Gal4-Pc fusion protein could
inhibit the expression of amini-white gene thatwaswithin a P element
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construct that also contained a UAS cassette (Muller, 1995). Here we
asked whether Gal4-Pc could turn off the expression of tsr and cause a
tsr mutant phenotype, and found that it could.

Flies homozygous for tsrΔ96 and that have one copy each of P[w+;
tsrUAS] and P[ry+; GMR(Gal4-Pc)] were isolated (Fig. 1D). These flies
were viable because P[w+; tsrUAS] can rescue the tsrΔ96 null mutation.
However, the eyes of these flies had defects due to the expression of
Gal4-Pc from the eye specific GMR promoter, which represses the
expression of tsrUAS resulting in a rough eye phenotype (Figs. 2A–H).
Expression of Gal4-Pc in a wild type background causes no mutant
phenotype (data not shown), therefore the rough eye phenotype is the
result of a reduction of tsr activity. We tested two different P[w+;
tsrUAS] insertions on the X chromosome and two different P[ry+; GMR
(Gal4-Pc)] insertions on the 2nd chromosome, and found position
effect differences in the severity of the phenotype. Flies with the P[ry+;
GMR(Gal4-Pc)]1 insert had a weaker phenotype than flies with the P
[ry+; GMR(Gal4-Pc)]2 insert, suggesting that the latter expresses Gal4-
Pc at a higher concentration. P[w+; tsrUAS]1 flies had a weaker mutant
phenotype than P[w+; tsrUAS]2, suggesting the former either expresses
tsr at a higher level, or is less susceptible to Gal4-Pc repression. In
addition, females had a more severe phenotype than males, likely the
result of dosage compensation of the P[w+; tsrUAS] construct on the X
chromosome, where tsr is likely transcribed at twice the rate in males.
These variations provide a phenotypic series of increasing severity in
the adult eye (Figs. 2A–H). Flies within each genotypic class had
similar phenotypes with little variation among siblings of the same
genotype. In addition to roughness, black patches of dead necrotic
cells were also seen.
Fig. 2. A phenotypic series of tsr RS eye mutants is seen in the scanning electron micrograph
and healthy because they contain the P[w+, tsrUAS] genomic rescue construct on the X chrom
GMR eye specific promoter. Gal4-Pc will bind to the UAS sites in P[w+, tsrUAS] and inhibit expr
and two different P[ry+; GMR(Gal4-Pc)] inserts on the second chromosome (inserts 1 and 2) w
amore severe phenotype thanmales of the same genotype, likely the result of dosage compen
P[ry+; GMR(Gal4-Pc)]1 tsrN96A/tsrN96A; (B) y w P[w+, tsrUAS]1/Y, P[ry+; GMR(Gal4-Pc)]2 tsrN96

tsrUAS]2/Y, P[ry+; GMR(Gal4-Pc)]2 tsrN96A/tsrN96A; (E) y w P[w+, tsrUAS]1/w, P[ry+; GMR(Gal4-P
w P[w+, tsrUAS]2/w, P[ry+; GMR(Gal4-Pc)]1 tsrN96A/tsrN96A; (H) y w P[w+, tsrUAS]2/w, P[ry+; GM
The P[ry+; GMR(Gal4-Pc)] construct has a functional hsp70
promoter (Fig. 1B) that is capable of inducing the expression of
Gal4-Pc in many tissues. Heat shock induced overexpression of Gal4-
Pc in embryos containing the P[ry+; GMR(Gal4-Pc)] construct is
lethal, but overexpression from the larval stages onward had no
significant effect on development or viability (data not shown).
However, in the P[w+; tsrUAS] tsrΔ96 background (Fig. 1D), repeated
overexpression of Gal4-Pc by heat shock from first instar larvae was
lethal at the pupal stage, likely the result of Gal4-Pc binding the UAS
sites within the tsrUAS construct and repressing transcription in many
tissues. Initiating Gal4-Pc overexpression at a later stage (third instar
larvae) resulted in viable flies with a large assortment of visible
developmental defects, including abnormal wing and bristle pheno-
types (Supplementary Fig. 1).

twinstar RS mutations inhibit retinal cell elongation

To study the tsr RS phenotype, mutant eyes were fixed and
sectioned for histological analysis. It was quickly noticed that the tsr
RS mutant retinas were not as thick as wild type. To verify this,
horizontal sections were analyzed. The retina of the Gal4-Pc
expressing control was wild type in thickness (Fig. 3A) whereas
the retinas of the weakest tsr RS mutant (Fig. 3B) and the strongest
(Fig. 3C) were significantly thinner than the control, indicating a
requirement for tsr during the five-fold elongation of retinal cells. In
the stronger tsr RS mutants, a defect in the optic lobe is also seen, as
there is no clearly defined lamina in the mutant (Fig. 3C). Lamina
formation requires innervation from the photoreceptor cells (Kunes
s of 1 day old adults. The flies are homozygous for the tsr null allele tsrΔ96 but are viable
osome. These flies also have a construct which expresses Gal4-Polycomb (GP) from the
ession of tsrUAS. Two different P[w+, tsrUAS] inserts on the X chromosome (insert 1 and 2)
ere analyzed and found to have position effect differences. Females were found to have
sation of P[w+, tsrUAS] on the X chromosome. The genotypes are: (A) y w P[w+, tsrUAS]1/Y,
A/tsrN96A; (C) y w P[w+, tsrUAS]2/Y, P[ry+; GMR(Gal4-Pc)]1 tsrN96A/tsrN96A; (D) y w P[w+,
c)]1 tsrN96A/tsrN96A; (F) y w P[w+, tsrUAS]1/w, P[ry+; GMR(Gal4-Pc)]2 tsrN96A/tsrN96A; (G) y
R(Gal4-Pc)]2 tsrN96A/tsrN96A.



Fig. 3. Longitudinal sections show that tsr RS mutants have thin retinas. One day old flies were fixed and cross-sectioned to determine the length of the retina. (A) Female flies having
the construct GMR(Gal4-Pc) express Gal4-Pc in the eye but do not have a mutant phenotype because they have a wild type tsr+ allele. Weak (B) and strong (C) tsr RS mutants were
found to have a thin retina when compared to the control. The yellow line shows the thickness of the retina. A lamina (L) is not found in the strongest mutant (C). Genotypes for the
flies are (A) w, P[ry+; GMR(Gal4-Pc)]2 tsrN96A/CyO female; (B) y w P[w+, tsrUAS]1/Y, P[ry+; GMR(Gal4-Pc)]1 tsrN96A/tsrN96A male; (C) y w P[w+, tsrUAS]2/w, P[ry+; GMR(Gal4-Pc)]2 tsrN96A/
tsrN96A female. Anterior is on the left, posterior on the right.
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and Steller, 1991), suggesting that there may be an innervation defect
in the stronger mutants.

twinstar RS mutations alter the actin cytoskeleton in pupal eye discs

Eye imaginal discs of the tsr RS mutants were analyzed at various
time points to identify the stage that the defects were first seen. The
GMR promoter in P[ry+; GMR(Gal4-Pc)] initiates expression of Gal4-Pc
in the 3rd instar larval eye disc; however, no defect was detected at
that stage (data not shown). This lack of a 3rd instar larval phenotype
is likely explained by a lag in the RS system. The GMR promoter will
initiate transcription in cells positioned at or behind the morphoge-
netic furrow (Moses and Rubin, 1991), resulting in the transcription
and translation of Gal4-Pc in these cells. Only when a sufficient
Fig. 4. tsr RS mutants have a pupal eye defect. Pupae were dissected 60 h after pupal form
phalloidin. A–C show apical, middle, and basal confocal cross-sections of the control, a P[ry+;
w P[w+, tsrUAS]2/Y, P[ry+; GMR(Gal4-Pc)]2 tsrN96A/tsrN96A male and G–I are of a strong tsr RS m
concentration of Gal4-Pc is made can it bind to the UAS sites in tsrUAS

and repress transcription. At that time the concentration of the tsr
mRNA will start to decrease, followed by a reduction in the
concentration of Tsr protein, the rate of decrease dependent on the
half-life of both mRNA and protein. The concentration of Tsr protein
will eventually decrease to a level low enough to impair development.
The data suggest that this lag persists throughout larval development.
When 60-h APF (after pupal formation) eye discs were analyzed, a
mutant phenotype was found. There were clear differences between
the F-actin distributions in wild type and tsr RS mutants. In apical
sections, there was a significant increase in F-actin in the two primary
pigment cells of each ommatidium (Figs. 4D, G), and an increase in F-
actin concentration was also seen in basal cross-sections of the tsr RS
mutants (Figs. 4F, I). An increase in the concentration of F-actin was
ation at 25 °C (60% of pupal development) and stained with rhodamine-conjugated
GMR(Gal4-Pc)]2/CyO female. D–F are of an intermediate tsr RS mutant of the genotype y
utant of the genotype y w P[w+, tsrUAS]2/w, P[ry+; GMR(Gal4-Pc)]1 tsrN96A/tsrN96A female.
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expected in a tsr loss of function mutant due to the decrease in F-actin
depolymerizing activity, and was observed previously in tsr mutant
ovaries (Chen et al., 2001). In the control, the rhabdomeres expressed
high levels of F-actin (Fig. 4B). The intensity of F-actin staining was the
same in the intermediate mutant; however, the rhabdomeres were
not as compact (Fig. 4E). Surprisingly, there were decreases in the
intensity of F-actin staining in the rhabdomeres of the strong tsr RS
mutant, suggesting a direct tsr requirement during rhabdomere
morphogenesis (Fig. 4H). Examination shows that all the expected
cell types were present in the tsr RS mutants (data not shown). This
indicates that cell division and differentiation occurred normally in
the mutant, and therefore the tsr RS mutant phenotypes were the
result of a defect in morphogenesis.

twinstar RS mutations cause rhabdomere defects

The rhabdomere structures of tsr RS mutants were analyzed by
transmission electron microscopy (TEM). A wild type eye had an
ordered array of ommatidia with seven rhabdomeres detected in each
section of an ommatidium (Figs. 5A, B). Higher magnification shows
that each rhabdomere is composed of many microvilli, each a finger-
like extension of the membrane, providing an enlarged surface for
rhodopsin (Fig. 5C). Consistent with the F-actin staining pattern, the
rhabdomeres of a strong tsr RS mutant were smaller than normal, and
had a disorganized structure and microvilli of variable length (Figs.
5G–I). The integrity of the rhabdomere was frequently not maintained
allowing microvilli to “unravel” (Fig. 5I, arrow). These data suggest a
role for tsr during the morphogenesis of the rhabdomere microvilli.
These defects were less severe in the intermediate mutant, where the
length of the individual microvilli was only slightly shorter than
normal and does not unravel (Figs. 5D–F). However, the rhabdomeres
Fig. 5. tsr RS mutants have rhabdomere and adherens junctions defects. (A–C) The control P[
magnifications by TEM. (D–F) The intermediate tsr RS mutant has a lower density of ommat
junctions of tsr RS mutants are frequently also wider than the control (compare arrowheads
strong tsr RSmutant. At higher magnification, the rhabdomeres are highly irregular in structu
were taken at 1900× magnification and B, E, and H at 7200×. C, F, and I are two-fold blowu
of the intermediate mutants were abnormal in shape, either wider
than normal or split in two.We believe these two shapes were related,
that widened rhabdomeres were unstable and sometimes folded in
half. These widened rhabdomeres result in an increased size of the
rhabdomeres in a section through the ommatidia. For instance, the
total area of the seven rhabdomeres shown in the intermediate tsrRS
mutant (panel 5E) is 1.8-fold larger than the area of the seven
rhabdomeres shown in the control (panel 5B). However, since the
tsrRS mutant retina is significantly thinner than the control, the total
volume of rhabdomere is not increased in the mutant cell. In addition
to widened rhabdomeres, the adherens junctions of many of the
mutant photoreceptor cells were also elongated (compare arrowheads
in Figs. 5C and F). Another phenotype is that the ommatidia are not as
densely packed in the mutant as in the control (compare Figs. 5A and
D). Sections were taken from the middle of each retina. During retinal
elongation, the ommatidia acquire a tapered shape, with the basal
footprint being appreciably smaller than the apical headprint. We
believe that the observed difference in density is the result of the tsr
RS mutants not tapering because of the lack of retinal elongation.

Relationship between the lack of retinal cell elongation and the widening
of rhabdomeres and adherens junctions

The intermediate strength tsr RS mutation had three distinct
mutant phenotypes: (1) a lack of retinal cell elongation; (2) widened
rhabdomeres; and (3) widened adherens junctions. Cofilin/ADF likely
has many functions during retinal morphogenesis, it is therefore
possible that it directly regulates these characteristics, resulting in the
observed defects. However, it is also possible that these phenotypes
are not independent. We propose that tsr is directly required for the
reorganization of the actin cytoskeleton during retinal elongation. But
ry+; GMR(Gal4-Pc)]2/CyO female fly was fixed, sectioned, and photographed at different
idia than the control. Many rhabdomeres are wider than normal or split. The adherens
in C and F). (G–I) Ommatidial structures are difficult to see at low magnification in the
re. Unraveledmicrovilli are frequently seen in the strongmutant (arrow in I). A, D, and G
ps of B, E, and H. Scale bars are all 2 μM.
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how to explain the widened rhabdomeres and adherens junctions? As
the retinal cells elongate five-fold in the visual axis, the rhabdomeres
and adherens junctions also elongate along that axis (Fig. 1A). There
must be high levels of expression of rhabdomere and adherens
junction proteins to allow this growth to occur. We propose that in a
mutant in which elongation does not occur, there is little or no
feedback control telling the cell not tomake the extra rhabdomere and
adherens junction proteins. If so, these proteins will still be made at
high levels and will likely still be transported to the rhabdomeres and
adherens junctions. However, since the rhabdomeres and adherens
junctions are not elongating along the visual axis, we propose they
widen, causing the observed phenotypes.

As a first test of this hypothesis, we asked at what stage of
development do the rhabdomeres and adherens junctions undergo
their abnormal widening in a tsr RSmutant. The rhabdomeres begin to
form at about 35% of pupal development, and the five-fold retinal
elongation starts slightly before 55% of pupal development and
continues through eclosion. If the hypothesis is correct, the size of the
rhabdomeres and adherens junctions will be normal at the time
retinal elongation should begin, and widens only at later stages after
elongation should have occurred. TEM analysis was therefore done on
tsr RS mutant eye discs at 55% and 73% of pupal development. Fig. 6
shows that the tsr RS rhabdomeres were of approximately normal size
at 55% of pupal development (compare Fig. 6B with A), but the tsr RS
rhabdomeres were significantly wider than wild type at 73% of pupal
development (compare Fig. 6D with C). Another way to look at it, the
width of the rhabdomeres stayed approximately the same during wild
type development (Figs. 6A, C) but increased significantly in the tsr RS
mutant (Figs. 6B, D). The large increase in rhabdomere width is
therefore only detected in the tsr RS mutant after retinal elongation
should have occurred, consistent with the above hypothesis. Similar
results were seen with the adherens junction phenotype. At 55% of
Fig. 6. The widening of tsr RS mutant rhabdomeres and adherens junctions takes place late in
intermediate strength tsr RS P[w+; tsrUAS]2 P[ry+; GMR(Gal4-Pc)]2 tsrΔ96male were analyzed b
rhabdomere and adherens junction of the control and tsr RSmutant are appropriately equal.
is significantly wider than the control (C). Inset within each panel is a two-fold blowup of a
pupal development, the sizes of the adherens junctions were similar
in control and mutant (Figs. 6A, B), but by 73% of pupal development,
the control was significantly smaller than the mutant adherens
junction (Figs. 6C, D). Interestingly, this appears to be primarily caused
by a decrease in the size of the control (Figs. 6A, C), rather than an
increase in the size of the adherens junction in the tsr RS mutant
(Figs. 6B, D).

Cytoskeletal genes have retinal mutant phenotypes similar to tsr

To determine whether the phenotypes observed in the tsr RS
mutants were specific to tsr, or whether they were indicative of a
general defect in actin reorganization, we asked whether similar
phenotypes are seen in mutants of other actin cytoskeletal proteins.
Slingshot protein is a phosphatase that cleaves phosphate from Tsr,
activating it. Using somatic mosaic analysis, eyes containing ssh
mosaic clones had rough eyes and ommatidia with a reduced number
of photoreceptor cells (Fig. 7A). In addition, many cells had widened or
split rhabdomeres, similar to the tsr RS mutants. Widened rhabdo-
meres were also seen in mosaic clones of capping protein beta (Fig. 7B)
and Arc-p34, a member of the Arp2/3 complex (Fig. 7C). As with tsr,
we believe these widened rhabdomeres were the result of a lack of
retinal elongation. This was demonstrated in the Arc-p34 mutant by
serial sectioning, showing that some of the mutant cells with widened
rhabdomeres do not extend the entire length of the retina (arrow in
Fig. 7C).

The tsr RS mutation genetically interacts with mutations in tsr
regulatory genes

The tsr RS mutations are dosage sensitive, as demonstrated by the
stronger phenotype in female flies. We asked whether the tsr RS
pupal development. (A, C) The control P[ry+; GMR(Gal4-Pc)]2/CyO female and (B, D) an
y TEM at 55% (A, B) and 73% (C, D) of pupal development. At 55% pupal development, the
At 73% pupal development, the rhabdomeres and adherens junction of the tsr RS mutant
n adherens junction, with the yellow line displaying its size. Scale bar is 1 μM.



Fig. 7. Widened rhabdomeres are found in photoreceptor cells mutant for genes that are involved in the reorganization of the actin cytoskeleton. The FLP/FRT system was used to
make somatic mosaics of the mutant alleles of (A) ssh1-11, (B) cpbM143, and (C1–C4) Arc-p34KG04658. The mosaic eyes were fixed and sectioned. (A, B) Examples of widened or split
rhabdomeres are indicated by arrowheads. C1–C4 contain a series of four adjacent serial sections. The arrow points to an ommatidia containing photoreceptors with widened
rhabdomeres. These rhabdomeres do not extend the full length of the retina and terminate within the serial sections shown. The Arc-p34KG04658 allele is marked with a mini-white
gene. Heterozygous cells have low levels of pigment, with the homozygous mutant cells being more darkly pigmented.
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phenotype can be modified by mutations in genes thought to be able
to interact with tsr, and found that mutations in both ssh (Niwa et al.,
2002; Rogers et al., 2005) and flare (the Drosophila homologue of
Aip1; Ren et al., 2007) were able to enhance the tsr RS mutant
phenotype. Actin interacting protein 1 (Aip1) works with cofilin/ADF
to promote actin depolymerization (Okada et al., 1999). Using a strong
tsr RS mutant, the number and size of black necrotic spots on the eye
increased if the tsr RS mutant fly were heterozygous for a mutation in
ssh (Fig. 8B) or flare (Fig. 8D). Also, heterozygosity in ssh or flare can
Fig. 8.Mutations in ssh and flare enhance the tsr RS mutant phenotypes. (A–D) The P[w+; tsrU

a higher rate of necrosis if the fly is heterozygous for (B) ssh26-1 or (D) flareBG2697R#5. Sections t
phenotype. For this analysis, the phenotype of the weak tsr RS mutant P[w+; tsrUAS]1 P[ry+;
where the rhabdomere morphology and organization are more disrupted, and (H) flareBG26
elicit abnormal rhabdomere structures in a weak tsr RS mutant
background (Figs. 8E–H).

Discussion

Analysis of tsr RS mutations suggests that tsr has an important role
in retinal cell elongation and in the morphogenesis of the rhabdo-
mere. During wild type development, retinal cells undergo five-fold
elongation, whereas this elongation is defective in tsr RS mutants.
AS]2 P[ry+; GMR(Gal4-Pc)]2 female tsr RS mutant eye phenotype is enhanced and shows
hrough tsr RS eyes show that ssh and flare can also enhance a tsr RS rhabdomeremutant
GMR(Gal4-Pc)]1 males (E–H) was enhanced by heterozygous mutations in (F) ssh26-1,

97R#5, where some rhabdomeres are split or have abnormal shapes (arrowheads).
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Strong tsr mutants also showed additional defects in rhabdomere
morphogenesis, as noted by a severe reduction in F-actin in the pupal
rhabdomere, and by rhabdomere defects displayed by TEM analysis.
These defects included shortened microvilli, suggesting a tsr role in
microvilli morphogenesis. In addition, in many instances, a microvilli
or set of microvilli appeared to “unravel” from the rhabdomere,
indicating a role for tsr in maintenance of the rhabdomere structure. It
had been hypothesized that the actin rich rhabdomere terminal web is
required to maintain the organization of the microvilli (Ready, 2002).
The observed phenotype is consistent with tsr functioning as part of
the rhabdomere terminal web to stabilize the rhabdomere structure.

Rhabdomeres in intermediate tsr RS mutants were wider than
normal. While it is possible that tsr is directly involved in shaping the
rhabdomere, we presented a second possibility, that the widened
rhabdomeres are a secondary event caused by the lack of retinal
elongation. This hypothesis suggests that there is incomplete feedback
in the tsr RS mutant, preventing the cell from recognizing that it is not
elongating. The tsr RS mutant photoreceptor cells therefore produce
all the rhabdomere proteins necessary for a fully elongated cell, but
when the mutant cell does not elongate, a short but wide rhabdomere
forms. However, the relationship between length and width is not
fluid, there is not a one to one correlation between a lack of
rhabdomere elongation and an increased in width. For instance, in
the weakest tsrRS mutant, retinal elongation is inhibited by about 50%
(Fig. 3B), yet rhabdomeres from this weak mutant are wild type in
width (data not shown). We therefore believe that there are cellular
mechanisms that maintain that correct size and shape of the
rhabdomere, and only when this mechanism is stressed beyond a
certain threshold (such as in the intermediatemutant) do thewidened
rhabdomeres appear. As predicted by the hypothesis, the widened
rhabdomeres only formed in the tsr RS mutant after retinal elongation
should have begun. Widened adherens junctions were also observed
in the tsr mutant, this is likely also due to a lack of retinal elongation.
Interestingly, we found that the retinal adherens junctions in a wild
type 55% pupae arewider than in awild type 73% pupae. It is therefore
likely that the cell builds up adherens junction proteins in anticipation
of retinal elongation, then during elongation these excess proteins
converge and extend to form the longer but slimmer adult adherens
junction. Many adherens junctions in the 73% pupal tsr mutant were
wider than wild type, suggesting that inhibition of retinal elongation
prevents this conversion and extension from occurring.

Black patches of necrotic cells are frequently observed in the strong
tsr RS mutants. It is possible that this necrotic phenotype is a
secondary effect due to a lack of retinal cell elongation. As the retinal
cells elongate, they increase in volume. However, if the cytoskeleton
cannot change its structure as the cell increases in volume, and there is
no feedback telling the cell this, the result may be that the cell
overgrows its support structure and bursts, committing necrosis.

Many Drosophila mutants have widened rhabdomeres as a mutant
phenotype. Our data suggest the possibility that these widened
rhabdomeres are secondary effects due to a blockage of retinal
elongation. For example, photoreceptor cells mutant for crumbs, a
transmembrane apical determinant, have a complicated phenotype,
but the mutant cells are shorter thanwild type and also havewidened
rhabdomeres and adherens junctions (Izaddoost et al., 2002; Pellikka
et al., 2002). Our results suggest that these crumbsmutant phenotypes
may be related, that crumbs may be directly required for retinal
elongation, and, as with tsr, that the rhabdomere and adherens
junction phenotypes may be secondary events.

The above hypothesis provides an explanation for the widened
rhabdomeres and adherens junctions, but does not explain why tsr is
required for retinal elongation. As a first step to addressing this, we
found that mutations in three other cytoskeletal genes (ssh, capping
protein β and Arc-p34) had wide rhabdomeres, suggesting an
inhibition of retinal elongation, which was verified by serial section
analysis of the Arc-p34mutant. This indicates that the defect in retinal
elongation is not a tsr specific mutant phenotype, but is instead a
general mutant phenotype for the inability to reorganize the actin
cytoskeleton during retinal elongation.

This study introduces a new kind of conditional lethal mutation
that we call a repressor sensitivemutation. Themain advantage of this
technique is its tissue specificity, it can reduce gene activity
specifically in one tissue by driving Gal4-Pc from a tissue specific
promoter. This technique should be adaptable to any gene in which a
genomic rescue construct is available. Theoretically, this technique
should also be able to repress the expression of endogenous genes that
are adjacent to a P element insertion containing UAS sites. An
unexpected advantage of the repressor sensitive technique was the
easily established phenotypic series. A combination of position effect
and dosage compensation provided a series of mutants whose
phenotypes varied from weak, to intermediate to strong. This series
allowed us to characterize microvilli formation in the strong mutant,
and retinal elongation and the widening of the rhabdomeres and
adherens junctions in the intermediate mutant. In addition, we are
currently using the weak tsr RS mutations to study the role of tsr
during phototransduction (Hung Pham, personal communication).
The further development of the repressor sensitive technique will add
to the already large group of genetic tools available to Drosophila
researchers.

Experimental procedures

DNA constructs

To make P[w+;tsrUAS], the complementary oligonucleotides 5′
AATTCGGCCGCTGCAGAAATCTAGACGGCCGA and 5′AGCTTCGGCCGTC-
TAGATTTCTGCAGCGGCCG were cloned into the EagI site located 43 bp
downstream from the 5′ end of thefirst intron of tsr in P[mini-w+; tsr+],
which contains the tsr 6.4 kb genomic rescue construct (Gunsalus et
al., 1995). The oligos contain internal PstI and XbaI restriction
enzyme sites, into which was cloned a small PstI–XbaI fragment of
G5E4T (Lin et al., 1988) that contains 5 copies of the Gal4 17-mer
(Giniger et al., 1985). Transformation into y w67

flies used standard
techniques.

P[ry+; GMR(Gal4-Pc)] was made by subcloning the XhoI–EcoRI
fragment of the pGMR promoter (from −265 to +210) into Bluescript.
The XhoI and EcoRI sites were then modified so that they could be
inserted into the NotI and XbaI sites that are located between the
hsp70 sequences and the Gal4 sequences of hs(Gal4-Pc) (Muller,
1995). Transformation into ry506 flies used standard techniques.

Fly lines and genetic crosses

For the genetic interactions studies between tsr and ssh; w, P[ry+;
GMR(Gal4-Pc)]2 tsrΔ96/CyO, ssh26-1/MKRS Sb males were crossed to y
w P[w+;tsrUAS]2, tsrΔ96 females and w, P[ry+; GMR(Gal4-Pc)]1 tsrΔ96/
CyO, ssh26-1/MKRS Sb males were crossed to y w P[w+;tsrUAS]1, tsrΔ96

females. ssh26-1 is a P-element insertion mutation into ssh locus (Niwa
et al., 2002). For the genetic interactions studies between tsr and flare;
w, P[ry+; GMR(Gal4-Pc)]2 tsrΔ96/CyO, aip1BG2697R5/MKRS Sb males
were crossed to y w P[w+;tsrUAS]2, tsrΔ96 females and w, P[ry+; GMR
(Gal4-Pc)]2 tsrΔ96/CyO, flareBG2697R5/MKRS Sb males were crossed to y
w P[w+;tsrUAS]2, tsrΔ96 females. flareBG2697R5 is a strong allele of aip1
that was generated by imprecise excision of the P element in the
flareBG2697 allele (Chen and Laski, unpublished data). MKRS is a 3rd
chromosome balancer having the genotype Tp(3;3)MRS M(3)76A1 Sb1

kar1 ry2.

Mosaic analysis

The loss-of-function allele cpbM143 was recombined to an FRT
component on 2L chromosome as described (Chen et al., 2005). Flies
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containing homozygous somatic mosaic clones in eyes were
generated using the FLP/FRT system (Xu and Rubin, 1993). y1 w*; P
[neoFRT]82B ssh1-11/TM3, y+ Ser1 flies were crossed to yd2 w1118 P[ey-
FLP.N]2 P[GMR-lacZ.C(38.1)]TPN1, P[neoFRT]82B, while yd2 w1118 P
[ey-FLP.N]2 P[GMR-lacZ.C(38.1)]TPN1, cpbM143 P[neoFRT]40A/CyO
and yd2 w1118 P[ey-FLP.N]2 P[GMR-lacZ.C(38.1)]TPN1, P[SUPor-P]
Arc-p34KG04658 P[neoFRT]40A/CyO y+ were crossed to yd2 w1118 P
[ey-FLP.N]2 P[GMR-lacZ.C(38.1)]TPN1, P[neoFRT]40A.

The stock y1 w*; P[neoFRT]82B ssh1-11/TM3, y+ Ser1 was obtained
from Kevin Moses lab. The stock cpbM143 cn1 b1 sp1/CyO was obtained
from the Bloomington stock center. Stocks yd2 w1118 P[ey-FLP.N]2 P
[GMR-lacZ.C(38.1)]TPN1, P[SUPor-P]Arc-p34KG04658 P[neoFRT]40A/
CyO y+, and yd2 w1118 P[ey-FLP.N]2 P[GMR-lacZ.C(38.1)]TPN1, P
[neoFRT]40A, and yd2 w1118 P[ey-FLP.N]2 P[GMR-lacZ.C(38.1)]TPN1, P
[neoFRT]82B were obtained from UCLA undergraduate research
consortium in Functional Genomics.

Collecting and aging pupae

Pupae were aged according to Kumar and Ready (1995). Late third
instar larvae (grown at 25 °C) were isolated and males and females
separated. They were then grown overnight at 18 °C on yeasted vials.
Next morning, the white pre-pupae were collected and grown at
20 °C. Pupal development at 20 °C is 172 h. Pupae at 55% of
development were harvested 95 h later, 73% of development 126 h
later.

Histological analysis

The protocol for preparing pupal eyes for TEM analysis was
adapted from Kumar and Ready (1995). Day 1: Pupal eye discs were
dissected in phosphate buffer (0.1 M, pH 7.4) and quickly transferred
to fix solution (0.875% glutaraldehyde, 1% formaldehyde, and 0.025 M
sodium cacodylate) for 1 h on ice, transferred to a fresh fix solution for
4 h on ice, then incubated overnight in fresh fix solution with 1%
tannic acid. Day 2: Discs werewashed 3 times for 10 min in phosphate
buffer, then incubated 2 times for 10 min in 0.1 M sodium cacodylate,
followed by a 2 h incubation in 4% osmium tetroxide. The discs were
washed 3× with double distilled H2O and incubated in 2% uranyl
acetate overnight. Day 3: Discs were washed 2 times for 10 min in dd
H2O, dehydrated in 50%, 70%, 85%, and 95% EtOH for 5 min each at
room temperature, then 100% EtOH 2 times for 10 min at room
temperature. This was followed with dehydration with propylene
oxide (2 times for 7 min at room temperature) and incubated with a
propylene oxide: Durcupan plastic (1:1) mixture overnight at room
temperature. Day 4: Eye discs were imbedded in Durcupan plastic and
incubated overnight at 60 °C.

The protocol for preparing adult eyes for TEM analysis was adapted
from Pellikka et al. (2002). Fly heads were severed and bisected in
phosphate buffer. The eye (bisected head) was quickly transferred to a
fixing solution (2.5% glutaraldehyde, 2% formaldehyde, 0.1 M sodium
cacodylate, pH 7.4) on ice in an Eppendorf tube, then fixed for 3 days at
4 °C in a rotator. Eyes were then washed 3 times for 10 min in
phosphate buffer on ice, then incubated in 1% osmium tetroxide in
0.1 M sodium cacodylate (pH 7.4) and 0.1 M sorbitol for 1 h at room
temperature. Eyes were then washed 2 times with phosphate buffer
for 10 min each at room temperature, followed by dehydration in 50%,
70%, 85%, and 95% EtOH for 5 min each at room temperature, followed
by 2 washes (10 min each) in 100% EtOH at room temperature. This
was followed with dehydration with propylene oxide (2 times for 7
min at room temperature) and incubated with a propylene oxide:
Durcupan plastic (1:1) mixture overnight at room temperature. The
eyes were then imbedded in Durcupan plastic and incubated
overnight at 60 °C.

Seventy nanometer thin sections were obtained using a Leica EM
UC6 Microtome. The sections were picked up on an EM grid and dried
at room temperature. The grids were then floated section side down
on a uranyl acetate solution (1/3 saturated uranyl acetate, 1/3 100%
EtOH, and 1/3 water) for 30 min at room temperature, then quickly
washed 3 times in dd H2O, and transferred grid side down onto a lead
citrate solution for 3 min. The lead citrate solution was made by
adding 30 ml of air free dH2O (by boiling dH2O to get rid of CO2) plus
1.33 g lead citrate, 1.76 g sodium citrate, and 8 ml of 1 N NaOH. This
was followed bywashing 3 times in dd H2O, with blotting of the excess
water from the grid.

Pupal dissection and phalloidin staining protocols were modified
from Drosophila Protocols (Sullivan et al., 2000).

Microscopy

TEM images were obtained by using a Hitachi TEM H-7000
microscope (UCLA MBI Electron Microscopy Facility) or a Jeol JEM-
100CX II Electron Microscope (UCLA EM Core Facility). The relative
size of the rhabdomeres in the tsrRS mutant and control was
determined using Adobe Photoshop software. Confocal microscopy
was done at the CNSI Advanced Light Microscopy/Spectroscopy
Shared Facility using Leica Confocal Software (Leica Microsystems,
Heidelberg GmbH). Scanning electron microscopy images were
obtained by using Hitachi S-2460N and Quartz PCI Version 3 imaging
system software.
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