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Syndapin constricts microvillar necks to form a united rhabdomere
in Drosophila photoreceptors
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ABSTRACT
Drosophila photoreceptors develop from polarized epithelial cells that
have apical and basolateral membranes. During morphogenesis, the
apical membranes subdivide into a united bundle of photosensory
microvilli (rhabdomeres) and a surrounding supporting membrane
(stalk). By EMS-induced mutagenesis screening, we found that the
F-Bin/Amphiphysin/Rvs (F-BAR) protein syndapin is essential for
apical membrane segregation. The analysis of the super-resolution
microscopy, STORM and the electron microscopy suggest that
syndapin localizes to the neck of the microvilli at the base of the
rhabdomere. Syndapin and moesin are required to constrict the neck
of the microvilli to organize the membrane architecture at the base of
the rhabdomere, to exclude the stalk membrane. Simultaneous loss
of syndapin along with the microvilli adhesion molecule chaoptin
significantly enhanced the disruption of stalk-rhabdomere
segregation. However, loss of the factors involving endocytosis do
not interfere. These results indicated syndapin is most likely
functioning through its membrane curvature properties, and not
through endocytic processes for stalk-rhabdomere segregation.
Elucidation of the mechanism of this unconventional domain
formation will provide novel insights into the field of cell biology.
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INTRODUCTION
Epithelial cells develop two different membrane domains, apical and
basolateral, that are separated by junctions. The apical surface
organizes microvilli, which are membrane protrusions with actin
filaments at their core. This apico-basal polarity of individual cells is
required for epithelial tissue formation and function. Intensive studies
have elucidated the functions of apical polarity regulators, such as
Crumbs, aPKC, Cdc42, ERM proteins and PTEN, and basolateral
polarity factors, such as Lgl, Dlg and Scrib, in epithelial apico-basal
axis formation (Flores-Benitez and Knust, 2016; Laprise and Tepass,
2011; Rodriguez-Boulan and Macara, 2014; Tepass, 2012).
Drosophila photoreceptors differentiate from epithelial cells.

During morphogenesis, the axons extend from the basolateral
membrane domains and the apical plasma membranes are organized

into two complementary domains: a central photosensory
membrane (rhabdomere) and an adjacent supporting membrane
(stalk) (Fig. 1A-C) (Karagiosis and Ready, 2004; Longley and
Ready, 1995; Pichaud, 2018; Tepass and Harris, 2007). A similar
segregation within the apical membrane is also observed in
vertebrate photoreceptors, in which the cilia on the apical
membrane differentiate into photosensitive outer segments and
the remaining apical membrane is organized into inner segments. In
Drosophila, the separation of the rhabdomere and stalk is first
visible at ∼50% pupal development (pd) (Fig. 1B, red arrowheads).
The rhabdomeres develop into columns of closely packed
photosensitive microvilli, whereas the stalk becomes a collar of
stiffenedmembrane that flanks the rhabdomeres and supports them on
the optical axis of the eye in adult flies (Fig. 1C). Two apical polarity
regulators, the Crumbs-Stardust-DPATJ (Crb-Sdt-DPATJ) complex
and moesin (Moe), are involved in stalk-rhabdomere segregation
(Bulgakova et al., 2008, 2010; Hong et al., 2003; Izaddoost et al.,
2002; Karagiosis and Ready, 2004; Nam and Choi, 2003, 2006;
Pellikka et al., 2002; Tepass, 2009, 2012). Before 50% pd, Crb
and activated phosphorylated Moe (p-Moe) colocalize over the
entire apical plasma membrane. However, during morphological
differentiation, Crb-Sdt-DPATJ and p-Moe are partitioned into the
stalk and rhabdomere base, respectively (Fig. 1D) (Karagiosis and
Ready, 2004; Liu et al., 2009). In the absence of Crb-Sdt-DPATJ, the
rhabdomeres expand to the stalk membrane, which is shorter than the
normal stalk. However, the rhabdomeres still separate from those in
the neighboring cells (Bulgakova et al., 2008, 2010; Hong et al., 2003;
Nam and Choi, 2006; Pellikka et al., 2002; Pichaud, 2018; Tepass,
2012). Both Moe deficiency and dominant-active Moe expression
lead to the formation of disorganized microvilli and disrupt the
rhabdomere-stalk boundary (Karagiosis and Ready, 2004).

The photoreceptive rhabdomeric microvilli in Drosophila
comprise single F-actin-cored apical plasma membrane protrusions
∼50 nm in diameter. Along eachmicrovillus length, the membrane is
attached to that of six neighboring microvilli, owing to homotypic
adhesion of chaoptin (Chp) (Reinke et al., 1988). At the smooth and
gently curved rhabdomere proximal face, the neighboringmicrovillar
membranes are separate and are constricted to form the microvillus
neck (Fig. 1E). Subsequently, the microvillar membranes expand and
fuse to form the apical membrane floor (Fig. 1E, upper right panel).
In electron micrographs of sections along the microvilli, the
expanded extracellular space around the necks appears as a low
electron-dense, flask-shaped white area (Fig. 1F, upper panel). In
sections vertical to the microvilli, the bodies of the white flasks
appear as hexagonally aligned holes representing the microvilli
necks, surrounded by extracellular space (Fig. 1E,F, lower panels).
Thus, the wild-type rhabdomere plasma membrane consists of two
morphologically distinct membranes: (1) a floor of the apical
membrane sheet, referred herein as rhabdomere base membrane; and
(2) protruding photoreceptive microvilli, which are connected by thin
necks. The peristyle-like structure comprising the rhabdomere baseReceived 29 June 2018; Accepted 22 July 2019
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membrane and microvillar necks has previously been termed the
catacomb-like membrane architecture (Kumar and Ready, 1995),
because the extracellular space has a catacomb-like shape.
Syndapin (also known as pacsin) is involved in several cellular

processes, such as endocytosis (Kessels and Qualmann, 2004; Pérez-
Otaño et al., 2006; Quan and Robinson, 2013), endocytic recycling
(Gleason et al., 2016; Widagdo et al., 2016), cytokinesis (Sherlekar
and Rikhy, 2016; Takeda et al., 2013), inhibition of VE-Cad
internalization (Dorland et al., 2016), post-synaptic formation and
function (Kumar et al., 2009b; Oh and Robinson, 2012; Schneider
et al., 2014), and hair cell formation (Schüler et al., 2013). Syndapin
has an F-Bin/amphiphysin/Rvs (F-BAR) domain at its N terminus.
This domain forms crescent-shaped homodimers with a positively
charged concave surface, which binds to negatively charged liposomes
(Edeling et al., 2009; Shimada et al., 2007;Wang et al., 2009). F-BAR
dimers of FBP17, CIP4 or syndapin induce the formation of 60 nm
tubules in vitro (Edeling et al., 2009; Shimada et al., 2007;Wang et al.,
2009). F-BARdomain overexpression in cultured cells induces plasma
membrane invagination and tubular membrane structure formations
in vivo. Notably, overexpression of the F-BAR domain of syndapin
induces invagination as well as membrane protrusion, which has a
geometry opposite to that of the tubules. In this case, syndapin

localizes in the neck (Shimada et al., 2010). A model for syndapin
localization in the membrane protrusion neck postulates that ∼10
syndapin molecules encircle the neck (Suetsugu and Itoh, 2012). In
Drosophila, syndapin/CG33094 (Synd) is the sole ortholog of this
protein family (Kumar et al., 2009a). Overexpression of the Synd
F-BAR domain induces invaginations in S2 cells, in a manner similar
to that in mammalian cells (Kumar et al., 2009b). InDrosophila, at the
neuromuscular junctions, Synd is predominantly associated with a
tubulolamellar postsynaptic membrane system known as the
subsynaptic reticulum (SSR). Furthermore, overexpression of full-
length Synd in the neuromuscular junctions induces SSR expansion
(Kumar et al., 2009a,b).

The present study shows that Synd constricts the microvillus neck
and, together with Moe, organizes the catacomb-like membrane
architecture at the rhabdomere base, resulting in the segregation of
the two apical membranes: stalk and rhabdomere.

RESULTS
Isolation of a mutant with an apical membrane segregation
defect
Previously, screens to identify rhabdomere morphogenesis and
membrane trafficking mutants (Iwanami et al., 2016; Satoh et al.,

Fig. 1. Apical membrane segregation and
isolation of the mutant disrupting this
process. (A-C) Cross-sections of wild-type
ommatidia from pupae at 30% and 50% pupal
development (pd) and from adult flies observed
by electron microscopy. Red arrowheads indicate
the positions that separate the stalk membrane
and rhabdomeres. (D) Immunostaining of wild-
type ommatidia from the pupae at 30%, 48%, 56%
and 72% pd, and from 0 day adult flies using anti-
p-Moe (green), anti-Crb (red) and anti-Arm (blue)
antibodies. (E) Schematic view of the ommatidium
(left) and rhabdomere base (right). Left: adherens
junctions (red), rhabdomeres (blue), stalk (violet)
and basolateral membrane (green). Right: plasma
membrane (brown) and F-actin (pink). (F)
Electron micrographs showing high-magnification
images of the rhabdomere base. (G) 661Tmosaic
retina from the adult fly visualized by the water-
immersion technique. RFP (red) indicates wild-
type cells; Arr2::GFP (green) indicates
endogenous Rh1 localization in both wild-type
and mutant R1-R6 peripheral photoreceptors.
Arrow indicates the ommatidium composed of
only the wild-type photoreceptor. (H) Cross-
section of 661T homozygous ommatidium from 0
day fly observed by electron microscopy. Blue
arrowheads indicate the fragmented stalk
membrane. (I,J) Immunostained late pupal 661T
mosaic retinas. RFP (red) indicates wild-type
cells. (I) Anti-Rh1 (blue) and anti-Na+K+ATPase
(green) antibodies. (J) Anti-Crb (blue) and anti-
Arm (green) antibodies. Four independent eyes
were observed in H-J. Scale bars: 2 μm in A-D,H;
50 nm in F; 5 μm in G,I,J.
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2013) identified the 661T mutant allele on the right arm of
chromosome 3 that resulted in rhabdomeres with a characteristic
morphology (Fig. 1G). The shapes of R1-R6 peripheral
photoreceptor rhabdomeres were visualized using arrestin2::GFP
(Arr2::GFP), which specifically binds to photo-activated rhodopsin.
In ommatidia consisting only of wild-type (RFP-positive)
photoreceptors (Fig. 1G, white arrow), six round rhabdomeres
clearly labeled with Arr2::GFP were separated from each other.
However, in all-mutant ommatidia composed only of 661T mutant
photoreceptors (Fig. 1G, RFP-negative cells), each rhabdomere was
connected to its neighboring rhabdomeres at the sides, but not at the
apexes. Consequently, Arr2::GFP in R1-6 photoreceptors appeared
as a C-shaped figure or as a ring notched by the Arr2::GFP-negative
R7 photoreceptor.
In electron microscopic analysis of the 661T mutant, the stalk

membrane was not apparent and the microvilli of each
photoreceptor were not united into a single round rhabdomere;
however, the inter-rhabdomeric space persisted (Fig. 1H). The
microvilli adhered locally to each other, even to those of
neighboring photoreceptors. However, small bundles of microvilli
were interrupted by small smooth membranes, presumed to
comprise stalk membrane fragments (40/49 sections of mutant
rhabdomere were intersected by smooth membrane. Fig. 1H, blue
arrowheads). Consequently, the rhabdomeres in the mutant
ommatidia formed a hollow tube, which appeared as a C-shaped
figure by Arr2::GFP (Fig. 1G). The basolateral membrane, adherens
junctions and cytoplasmic organelles (such as Golgi units and
mitochondria) exhibited structures similar to those in the wild-type
photoreceptors (Fig. S1, arrows).
Furthermore, we investigated the membrane protein localization

with respect to specific plasma membrane domains in the
661T mutant photoreceptors. Consistent with our Arr2::GFP
observations, the rhodopsin Rh1, which localizes to R1-R6
peripheral photoreceptor rhabdomeres, was detected across the
entire apical membrane domain and appeared as a characteristic
C-shaped rhabdomere in the 661T mutant photoreceptors (Fig. 1I,
blue). 164/174 RFP+ cells showed round-shaped rhabdomeres,
except 10 adhering to RFP− neighboring rhabdomere; 174/174
RFP− cells showed irregularly shaped rhabdomeres; and 163 of
them adhered to one or more neighboring rhabdomeres. The stalk
membrane protein Crb was also detected across the entire apical
membrane domain (Fig. 1J blue, 65/66 RFP− cells lacked stalk-
dominated Crb localization, which was maintained in 78/78 RFP+

cells). Conversely, Na+K+ATPase (Fig. 1I, green, 80/82) or Arm
(Fig. 1J, green, 104/104) localized to the basolateral membrane
(Yasuhara et al., 2000) or adherens junctions, as in wild-type
photoreceptors. These observations indicated that the apical
membrane domains (stalks and rhabdomeres) were specifically
affected in the 661T mutant photoreceptors.

Mutation of syndapin is responsible for the 661T mutant
C-shaped rhabdomere phenotype
To identify the gene mutation responsible for the 661T mutant
phenotype, we performed genetic mapping using RFLP markers
(Berger et al., 2001) and found that the mutation lay between 92E8
(RFLP2392) and 93B7 (RFLP2404). Using a SOLiD next-
generation sequencer, we re-sequenced the whole genome of a
661T heterozygote with the starter FRT chromosome used in the
ethyl methane sulfate (EMS) screening. Only two mutations with a
high impact for gene function were detected in the candidate region:
(1) a missense mutation on GluRIID (GluRIID E509K) in 92F4;
and (2) a nonsense mutation in syndapin (Synd Q329stop) in 93A1.

To narrow down the responsible region, deficiency mapping
covering 91F12 to 93B13 was performed. The heterozygotes of
661T over deletions of this region were viable, indicating a lack of
lethal mutation in this 661T mutant chromosomal region. Among
the heterozygous adults, only 661T over BSC43 showed C-shaped
rhabdomeres by live imaging of Arr2::GFP (Fig. 2D). Other
molecularly defined deletions showed normal Arr2::GFP
distribution when heterozygous with 661T, indicating that the
gene responsible for this phenotype is located between
3R:20,806,396 and 20,851,577, which includes syndapin, but is
over 150 kb distant from GluRIID.

As the Synd nonsense mutation is a strong candidate for the 661T
C-shaped rhabdomere phenotype, we performed a complementation
test between the 661T chromosome and a Syndmut1 hypomorphic
allele that reduces wild-type Synd protein expression (Takeda et al.,
2013). Ommatidia of 661T and Syndmut1 hypomorphic allele trans-
heterozygotes exhibited C-shaped rhabdomeres indistinguishable
from those of 661T homozygous or 661T and BSC43 deficiency
trans-heterozygote ommatidia (Fig. 2G). In transgenic flies (UAS-
Synd) expressing full-length Synd protein under the control of Gal4,

Fig. 2. Synd661T mutation causes C-shaped rhabdomeres. (A) Schematic
drawings of the protein structure of fly Synd, CG33094; upper and lower
drawings represent the wild-type and 661T mutant form’s structure,
respectively. The fly Synd has an F-BAR domain, phosphorylation sites (red
arrowheads), a NPF motif and a SH3 domain at the C terminus. (B,D-G)
Immunostaining of late pupal fly retinas of the indicated genotypes using
anti-Rh1 (green) and anti-Crb (blue) antibodies, and phalloidin (red).
(C) Immunostaining of late pupal Synd661T mosaic retina using anti-Rh1
(green) and anti-Crb (blue) antibodies. RFP marks the wild-type
photoreceptor. (H) Immunostaining of late pupal Synd661T mosaic retina using
anti-Synd (M7) (green) and anti-Rh1 (blue) antibodies. RFP marks the wild-
type photoreceptor. Five, four, three, six, three, three and two independent
eyes were observed in B-H, respectively. Scale bar: 5 μm in B-H.
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the Synd protein was expressed in the 661T mosaic retinas of the
pupae from 20%, 50% and 70% pupal development (pd) driven by
heat-shock Gal4 or Rh1 Gal4 (Fig. S2). The retinas expressing Synd
from 20% pd showed normal oval-shaped rhabdomeres, confirming
that the syndapin nonsense mutation caused the 661T mutant
phenotype. Notably, the Synd-expressing pupal 661T photoreceptors
at 50% or 70% pd showed only partial or no C-shaped rhabdomere
phenotype rescue. These results indicate that a developmental
window exists for proper apical membrane segregation. As we have
demonstrated that the 661T mutation is a Synd allele, the term
Synd661T is used hereafter.

Functional characterization of the Synd661T allele
The Drosophila Synd gene encodes a 494 amino acid polypeptide
containing an F-BAR domain (amino acids 10-280) and an SH3
domain (amino acids 436-494). As the Synd661T allele has a
nonsense mutation at 329Q, the translational Synd661T product lacks
the SH3 but contains the F-BAR domain (Fig. 2A). We first
characterized the nature of the Synd661T allele by genetics.
Generally, null or amorphic alleles were as strong as the deletion.
We compared the phenotypes of the Synd661T allele and Synd
deletion in combination with either the Synd661T allele or Syndmut1

hypomorphic allele. Both Synd661T homozygous (Fig. 2C, 180/184
RFP− photoreceptors in mosaic retina) and Synd661T/Synd deletion
heterozygous ommatidia (Fig. 2D, 191/191 photoreceptors) had
similar fused rhabdomeres, suggesting that Synd661T is a strongly
hypomorphic or amorphic allele. The Syndmut1/Synd deletion
heterozygote ommatidia were less affected than those of the
Synd661T homozygote or Synd661T/Synd deletion heterozygote
(Fig. 2F, 57/230 rhabdomere were fused), which is consistent
with the hypomorphic nature of the Syndmut1 allele.
Notably, Syndmut1/Synd661T heterozygous ommatidia had a more

pronounced C-shaped rhabdomere than the Syndmut1/Synd deletion
heterozygote (Fig. 2G, 174/189 rhabdomere were fused), indicating
that the product of the Synd661T allele acts in a dominant-negative
manner against the proteins expressed from the Syndmut1 allele.
However, as Synd661T/+ heterozygous ommatidia exhibit normal
rhabdomeres (Fig. 2B, 0/233 photoreceptors were fused), the
dominant-negative effect of Synd661T protein occurs only upon low
wild-type Synd expression.
We prepared antisera against peptides in the Synd protein near the

N terminus (Fig. S3). All anti-Synd antisera (five derived frommice
and one from rabbit) recognized a band of around 60 kDa in the
head extracts of wild-type flies, which did not appear in the
Synd661T/Synd deletion heterozygous flies in M6, M9 and M10
immunoblots (Fig. S3A). As the predicted molecular weight of the
Synd protein is 58 kDa, all the antisera recognized Synd in the blots.
Furthermore, M7 and M8 produced weak bands at around 60 kDa,
even in the Synd661T/Synd-deletion heterozygous flies, suggesting
that M7 and M8 also recognized other proteins with similar
mobility. However, none of the antisera recognized a ∼38 kDa band
in Synd661T/Synd deletion heterozygote extracts, representing the
Synd661T allele product predicted molecular weight (Fig. S3A).
These results strongly indicate that most Synd661T C-terminal
truncated proteins are degraded. M6 and M10 anti-Synd antisera
recognized a small amount of Synd in the Syndmut1 homozygote
extracts. We determined the amount of Synd proteins in the head
extracts of flies with different genotypes using the M6 anti-Synd
antiserum. Consistent with the phenotype, no wild-type Synd
protein was detectable in the Syndmut1/Synd661T heterozygotes
(Fig. S3C). A small amount of Synd protein was detected in the
Syndmut1/Synd deletion heterozygotes, suggesting that the small

amount of wild-type Synd protein translated from the Syndmut1

allele was likely degraded by the co-existence of the Synd661T C-
terminal truncated protein. Thus, the Synd661T C-terminal truncated
protein promotes wild-type Synd protein degradation, explaining
the mechanism of its dominant-negative function. This result may
suggest that the Synd661T product, a C-terminal truncated Synd,
forms a dimer with the wild-type protein at the F-BAR domain,
leading to degradation of the wild-type protein.

Synd-null phenocopies Moe- and Slik-null homozygous
ommatidium
Deficiency of the sole fly ezrin/radixin/moesin (ERM) protein,
Moe, or dominant-active Moe expression results in disorganized
microvilli and disrupted rhabdomere/stalk boundaries in fly
photoreceptors (Karagiosis and Ready, 2004). We compared the
C-shaped rhabdomere phenotype of the Synd661T homozygous
ommatidia with the MoePL54-null homozygous ommatidia
rhabdomere phenotype. In the late pupal ommatidium composed
of only MoePL54-null homozygous photoreceptors, both Rh1
(Fig. 3A, 0/121 RFP+ photoreceptors, 94/94 RFP−

photoreceptors) and Crb (Fig. 3B, 0/122 RFP+ photoreceptors,
74/75 RFP− photoreceptors) were spread across the apical
membrane domains; however, Na+K+ATPase (Fig. 3A, 0/121
RFP+ photoreceptors, 1/94 RFP− photoreceptors) and Arm
(Fig. 3C, 246/246 RFP+ photoreceptors, 195/195 RFP−

photoreceptors) localized on the basolateral membrane and
adherens junctions, respectively, as in wild-type photoreceptors.
The MoePL54-null homozygous ommatidium phenotype was
therefore indistinguishable from that of Synd661T homozygotes.

Moe activity is regulated by phosphorylation (Fehon et al., 2010;
McClatchey, 2014). In fly photoreceptors, p-Moe localizes at the
rhabdomere base in wild-type photoreceptors (Karagiosis and
Ready, 2004). The sterile 20 kinase (Slik) phosphorylates Moe
(Hughes and Fehon, 2006; Hughes et al., 2010), and rhabdomere
formation is adversely affected in Slik null mutant (Slik1)
photoreceptors (Hipfner et al., 2004). Thus, we investigated Slik
and Moe localization in Slik1 mosaic retinas. Slik and p-Moe
colocalized at the rhabdomere base in the wild type; however,
neither was detected in the Slik-deficient ommatidium (Fig. 3D,
262/262 RFP+ photoreceptors, 0/196 RFP− photoreceptors). These
results are consistent with the previous reports showing that Slik is
responsible for Moe phosphorylation at the rhabdomere base.
Coincident with p-Moe loss, Rh1 (Fig. 3E, 0/123 RFP+

photoreceptors, 186/188 RFP− photoreceptors) and Crb spread
over the apical membrane in the Slik1 ommatidium (Fig. 3F, 0/135
RFP+ photoreceptors, 171/172 RFP− photoreceptors), whereas
Na+K+ATPase localized normally at the basolateral membrane
(Fig. 3E, 0/123 RFP+ photoreceptors, 0/188 RFP− photoreceptors).
Electron microscopic analysis of MoePL54 and Slik1 homozygous
ommatidia indicated that the rhabdomeric microvilli of these
photoreceptors did not unite to form a single round structure, but
spread to the entire apical membrane, similar to that in the Synd661T

homozygous photoreceptors (Fig. 3G,H, 36/36 MoePL54/MoePL54

and 34/34 Slik1/Slik1 photoreceptors have microvilli bundles with
gap). These observations indicated that Moe phosphorylation at the
rhabdomere base is essential for stalk-rhabdomere segregation.

Synd localizes at the rhabdomere base
We investigated Synd localization in the photoreceptors by
immunofluorescence microscopy using the six developed anti-
Synd antisera. All produced strong staining at the rhabdomere base
(Fig. 2H and Fig. S3B). No staining was observed in Synd661T
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homozygote photoreceptors, confirming that the staining
represented Synd localization. These results indicate that Synd
mainly localizes at the rhabdomere base.
We analyzed Synd localization during photoreceptor

morphogenesis (Fig. S4A). Similar to that of p-Moe (Karagiosis
and Ready, 2004), Synd colocalized with Crb on the apical
membrane at 30% pd, before stalk-rhabdomere segregation. After
45% pd, Crb and Synd separated and localized on the stalk and
primordial rhabdomere. Although Synd staining was observed only
at the rhabdomere base at 90% pd and in adults, it is difficult to tell
whether Synd localizes on only the base of the rhabdomeres or entire
rhabdomeres in mid-pupal photoreceptors, because of the resolution
of confocal microscopy. Synd, p-Moe and Slik colocalized on the
rhabdomeres during photoreceptor morphogenesis. Higher
cytoplasmic staining of Synd and Slik was observed in the pupae
at 90% pd (Fig. S4B).

Synd localizes at the neck of microvilli packed into the
rhabdomeres
The resolution of direct STORM (dSTORM), a type of localization
microscopy, can reach 10-30 nm (Heilemann et al., 2008), which is
smaller than rhabdomeric microvillar diameter. Thus, we used two-
dimensional dSTORM (2D-dDTORM) to precisely localize
fluorescent signals derived from anti-Synd antibodies bound to
the rhabdomere base (Fig. 4A). Flies were reared in vitamin A-
deficient medium to reduce rhodopsin autofluorescence. To avoid
stray light from other photoreceptors, the ommatidia were isolated
from the Synd661T mosaic retina and attached to the coverslip.

Synd-positive photoreceptors touching the coverslip on their basal
side, without background Synd-positive photoreceptors, were chosen.
Immunostaining was carried out using mouse anti-Synd and Alexa
Fluor 647-conjugated secondary antibodies at concentrations higher
than those used for regular immunohistochemistry to obtain nearly
saturated immunofluorescence. We confirmed that these high
concentrations of antibodies still produce the specific localizations
of Synd and p-Moe at the base of the microvilli in the photoreceptors,
and this staining disappeared in Synd- or Slik-deficient photoreceptors
(Fig. S3F,G). To construct 2D-dSTORM images, movies were
obtained at the level including the rhabdomere base, which was
determined by anti-Synd staining. Each dye distributed to a volume of
∼400 nm thicknesswas localized at a theoretical localization precision
averaging∼10 nm in the lateral axis (Thompson et al., 2002). The 2D-
dSTORM image of anti-Synd staining showed numerous foci of
∼30 nm diameter (Fig. 4A). This size is roughly comparable with that
of a complex of primary and secondary antibodies assembled radially
around the epitopes. As both anti-Synd and anti-p-Moe photoreceptor
staining are highly restricted to the rhabdomere base, these foci were
considered to have originated there. Using these coordinates of the
peaks, the distance to the nearest focus was measured for each focus.
Most of the foci had nearest neighbors of about 50 nm distance
(Fig. 4C, median±s.d.=50.2±26.0 nm, n=31,862). This distance was
very similar to the distance among the rhabdomere bases previously
observed with electron microscopy. In lightly stained areas of the
2D-dSTORM images, linear foci arrays spaced at about 50 nm were
very often observed (Fig. 4A). In the most heavily stained regions,
bright foci appeared as hexagonal arrays (Fig. 4A, rectangle) spaced

Fig. 3. PhosphorylatedMoe is essential for stalk-
rhabdomere segregation. (A-F) Immunostaining
of MoePL54 (A-C) or Slik1 (D-F) mosaic retinas from
late pupal flies. RFP marks the wild-type
photoreceptor. (A) Anti-Rh1 (blue) and anti-
Na+K+ATPase (green) antibodies. (B) Anti-Crb
(blue) and anti-Na+K+ATPase (green) antibodies.
(C) Anti-Arm (blue) and phalloidin (green)
antibodies. Adherens junctions are indicated by
white arrows. (D) Anti-p-Moe (blue) and anti-Slik
(green) antibodies. (E) Anti-Rh1 (blue) and anti-
Na+K+ATPase (green) antibodies. (F) Anti-Crb
antibody (green). (G,H) Cross-sections of MoePL54

(G) and Slik1 (H) homozygous ommatidium from 0
day flies observed by electron microscopy. Three,
seven, seven, seven, five, four, three and six
independent eyes were observed in A-H,
respectively. Scale bars: 5 μm in A-F; 2 μm in G,H.
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at ∼50 nm in such areas (Fig. 4B). Our 2D-dSTORM analysis
indicated that Synd at the rhabdomere base localized in ∼50 nm-
spaced arrayed spots, matching the repetitive patterns of themicrovilli
bundles.
To elucidate the relationship between Synd and p-Moe

localization, we performed double immunolabeling of Synd and
p-Moe for 2D-dSTORM analysis. Synd and p-Moe exhibited
localization patterns with least overlaps (Fig. 4D). In heavily stained
regions, wherein the bright Synd foci appeared as hexagonal arrays,
the p-Moe signals localized between the Synd foci (Fig. 4E), which
is distinct from control two-color dSTORM images of Synd and
Synd-GFP (Fig. 4F,G). To evaluate the regularity of Synd foci, we
performed unbiased reconstruction of two-color dSTORM images
around detected Synd foci. From two-color dSTORM images of
Synd/p-Moe and Synd/Synd-GFP, detected Synd foci were paired
with the nearest neighbor and categorized by the distance within
each pair. The images around the pairs were rotated to locate the first
focus to the center and the second focus to the right, and averaged to
reconstruct two-color images around the Synd foci pairs in distance
of certain range (Fig. 4H,I). If Synd exists in a repetitive pattern, the
second channel is expected to represent the distribution of
fluorescence relative to the repetitive pattern of Synd. In the
reconstruction based on 80-100 nm Synd-GFP pairs, Synd showed
a hexagonal array of spots∼50 nm apart, as expected. The pattern of
p-Moe reconstructed based on Synd was less clear, but showed
some tendency to avoid Synd when compared with Syd/Synd-GFP.

These results imply that Synd but not p-Moe localizes to the neck of
the microvilli.

As the 2D-dSTORM analysis showed that Synd localized in
50-nm hexagonally arrayed spots, the microstructure of the
rhabdomere base was reinvestigated (Fig. 5A). Assuming the
structural symmetry of the rhabdomere base membrane, no
structures other than microvillar necks matched the 50 nm
hexagonal array. In the electron micrographs of sections along the
microvilli longitudinal axis, the narrowest part of the microvillar
necks appeared to be ∼25 nm in diameter, which is about half the
distance between neighboring microvilli centers. Neck longitudinal
curvature was about 20 nm in radius (Fig. 5B,C). A model of
syndapin at the protrusion (Suetsugu and Itoh, 2012) suggests that the
concave side of the syndapin dimer curves the membrane at the
protrusion base. Crystal structure analysis indicated that the radius of
curvature of the membrane bounded by Drosophila Synd is 21 nm
(Edeling et al., 2009).

In the cross-section of the rhabdomere base, microvillar necks
were found in the area between the microvilli and cytoplasm
(Fig. 5A). As the neck height is similar to the section thickness, only
longitudinal projections of the microvillar neck can be obtained
(Fig. 5C). However, the detailed structures are still visible, and the
approximate level of the section depth can be estimated by the
histological context and the size of the extracellular space
surrounding the neck (Fig. 5D). Actin filaments were present at
the center of most microvillar necks. Between the cytoplasm and

Fig. 4. Synd localization by 2D-dSTORM. Synd and p-Moe
localization at the rhabdomere base in the thinner proximal region
of the isolated ommatidia from late pupal flies observed from the
cytoplasmic side by 2D-dSTORM. (A) Synd localization at the
rhabdomere base observed by 2D-dSTORM. (B) Enlarged image
(×3) of the region enclosed by the rectangle in A. (C) Plot of
distances of peaks to the nearest peaks. The data are
summarized from three independently imaged ommatidia.
(D) Synd (red) and p-Moe (green) localization at the rhabdomere
base observed by 2D-dSTORM. (E) Enlarged image (×3) of the
region enclosed by the rectangle in D. (F) Synd661Tmosaic retina
rescued by Synd::GFP expression induced from 20% pd was
immunostained using anti-Synd (green) and anti-GFP (red)
antibodies. (G) Enlarged image of the region enclosed by the
rectangle in F. (H,I) Reconstruction of a fluorescent image based
on the pairs of Synd foci. Paired foci detected in the Synd or
Synd-GFP channel were categorized based on the distance
within pairs. Images around the pairs that were 80-100 nm apart
were clipped and rotated to place first foci on the center (red
diamond) and second foci on the right (blue diamonds), and
averaged (left and center). High-pass filtered images are also
shown (right). Scale bars: 200 nm.
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extracellular space, ring arrays of electron-dense spots were often
visible (Fig. 5D, panels 3-5) but not seen in sections above the
microvillar neck (Fig. 5D, panel 1). The circular intensity profile
plots along the radii from the center of the microvilli indicated that
the spots were aligned on ring arrays. Most of the inner ring arrays
were 12-18 nm in diameter and typically six dense spots (Fig. 5E).
The microvillar neck size appeared sufficient to house five or more
Synd dimers along the internal surface. Considering the 2D-
dSTORM analysis results, our observations indicate that the Synd
protein likely localizes at each microvillus neck. Additionally, outer
ring arrays containing 10-15 dense spots were observed at 24-36 nm
from the center (Fig. 5D,E), which correspond to the mossy
electron-dense structures underneath the bottom of pear-shaped
extracellular spaces observed in the vertical sections (Fig. 5B).

Catacomb-like membrane architecture is lost in Synd661T,
MoePL54 and Slik1 homozygous photoreceptors
As Synd, p-Moe and Slik localize at the rhabdomere base (Figs 2H
and 3D), we performed an electron microscopic investigation of the
structures at the microvillus base in the Synd661T, MoePL54 and Slik1

homozygote photoreceptors at day 0 of adulthood. The microvilli
necks and the rhabdomere basemembrane constituting the catacombs
were completely lost, and the microvilli protruded from the apical
membrane without any curved membrane (Fig. 6B-D, 24/24
Synd661T/Synd661T, 34/34 Slik1/Slik1, 35/35 MoePL54/MoePL54

photoreceptors). Thus, Synd, p-Moe and Slik are required for
formation of the catacomb-like membrane architecture.
As the catacombs develop during late pupal morphogenesis

(Kumar and Ready, 1995), we investigated the pupal microvillar and
neck structures in wild-type and Synd661T/Synd deletion heterozygous

photoreceptors at 60%, 74% and 90% pd (Fig. 6E-H). Although the
catacombs were not well developed in the wild-type photoreceptors
at 60% and 74% pd, there was still a curved membrane at the
microvillus base (Fig. 6F, arrows). At these developmental stages, in
the Synd661T/Synd deletion heterozygous photoreceptors, the effect
on microvillus unity was mild: the microvilli were not tightly packed
but clear stalk membranes were observed between the adherens
junction and rhabdomeres (Fig. 6G). The curved membrane at the
microvillus base in the wild-type photoreceptors was not observed
in the Synd661T homozygous photoreceptors (Fig. 6F,H). At 90%
pd, the catacomb-like membrane architecture was already well
organized in the wild type, whereas the stalk-rhabdomere
segregation was severely disrupted in the Synd661T/Synd deletion
heterozygous photoreceptors (Fig. 6G). Thus, mutant phenotype
development in the Synd661T/Synd deletion heterozygous
photoreceptors partly corresponded to the stage for catacomb-like
structure formation.

Moe and Synd are independently recruited to the
rhabdomerebaseand function in the sameprocess forapical
membrane separation
To elucidate the relationship between Synd and Moe function, we
investigated the mutual dependence for their recruitment to the
rhabdomere base. The Synd protein localized on the MoePL54

homozygous photoreceptor apical membrane (Fig. 7A, 215/216
MoePL54/MoePL54 photoreceptors) and p-Moe localized on that of
the Synd661T homozygous photoreceptor (Fig. 7B, 198/199
Synd661T/Synd661T photoreceptors). Thus, Synd and p-Moe are
independently recruited to the rhabdomere base, even in the absence
of catacombs.

Fig. 5. Structural detail of the microvillar necks
by electron microscopy. (A) Electron micrograph
of a section vertical to the photoreceptor microvilli
of a 0 day adult fly at the level of the microvillar
necks. ‘E’ indicates extracellular spaces.
(B) Section of microvillar neck along the
longitudinal axis of the microvilli. The pear-shaped
extracellular spaces around the necks are
indicated by ‘E’. (C) Left: schematic drawing of a
microvillar neck along the microvillus longitudinal
axis. Black bracket represents 80 nm, the typical
section thickness. Right: dimension of F-BAR-
domain dimer of fly Synd based on crystal structure
(Edeling et al., 2009). (D) Sections of the
microvillar necks at various estimated levels. The
approximate levels of the sections are shown by an
arrow in C. (E) Gallery of sections of the microvillar
necks with ring arrays of electron-dense spots.
Intensities are plotted along the concentric circles
for the radiuses showing peaks. For each image,
three plots by radius showing highest peak and
valley waves were chosen for display. Scales of
the profile are normalized and offset along the
y-axis. Scale bars: 50 nm in A; 25 nm in B-E.
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Furthermore, we investigated the phenotype of the MoePL54 and
Synd661T double-mutant ommatidium and compared it with that of
the Synd661T single mutant by generating a MoePL54 mosaic retina
on a Synd661T/Synd deletion heterozygous background. Notably,
extent of stalk-rhabdomere segregation defect did not differ between
the double homozygous mutant of MoePL54 and Synd661T, and
Synd661T single homozygous mutant based on stalk membrane
marker Crb and rhabdomere protein Rh1 immunostaining (Fig. 7C,
136/136 single- and 95/95 double-mutant photoreceptors) or by
electron microscopic analysis (Figs 1H and 7D, 24/24 double-
mutant photoreceptors). During the development of both MoePL54,
Synd661T double-mutant and Synd661T single-mutant ommatidia,
Crb and TRP staining were partially separate (Fig. S5A,D), and
largely intact stalk membranes existed adjacent to the adherens
junctions in electron micrographs (Fig. 7E, 46/48 double-mutant

photoreceptors), indicating that the stalk-rhabdomere segregation
defects appear during catacomb-like membrane architecture
formation. These results strongly indicate that Moe and Synd are
recruited in a mutually independent manner, and that the lack of one
disrupts the other’s function. Thus, Synd and p-Moe must function
in the same/close process for stalk-rhabdomere segregation.

Chp and Synd independently regulate stalk-rhabdomere
segregation
The GPI-anchored protein Chp was originally identified as an
adherens molecule between the microvilli within a rhabdomere
(Reinke et al., 1988). Additionally, Crb mislocalizes on the
rhabdomere in addition to the stalk membrane in chp2 null
photoreceptors, indicating that Chp might be required, either directly
or indirectly, for apical membrane segregation into the rhabdomere
and stalk (Gurudev et al., 2014). Our result reproduced Crb
mislocalization on the rhabdomeres in the chp2 null photoreceptors
(Fig. S5C,C′, arrows). However, we also found that TRP specifically
localized to the rhabdomeres and Synd localized normally at the
rhabdomere basewithout accumulation on the stalk (Fig. 8A, 102/102
chp2/chp2 photoreceptors). Furthermore, in electron microscopy, the
stalk and rhabdomeres are separated perfectly in the chp2 homozygous
photoreceptors. Correspondingly, the microvillar necks were well
developed in the chp2 null photoreceptors (Fig. 8C, lower magnified
image, 35/35 chp2/chp2 photoreceptors).

Fig. 6. Synd is required for catacomb-like membrane architecture
formation. (A-D) Magnified cross-sections at the rhabdomere base of wild-
type (A), Synd661T (B), MoePL54 (C) and Slik1 (D) homozygous 0 day flies
observed by electron microscopy. (E-H) Cross-sections of the ommatidia and
rhabdomere base of wild-type (E,F) and Synd661T/Def (G,H) pupae at 60%,
74% and 90% pd observed by electronmicroscopy. Arrows indicate the curved
membranes. Seven, seven, six and three independent eyes were observed in
A-D, respectively. Scale bars: 500 nm in A-D,F,H; 2 μm in E,G.

Fig. 7. Loss of Moe does not enhance the disruption of stalk-rhabdomere
segregation caused by Synd deficiency. (A) Immunostaining of late pupal
MoePL54 mosaic retinas using anti-Synd (green) antibodies. RFP marks the
wild-type photoreceptor. (B) Immunostaining of late pupal Synd661T mosaic
retinas using anti-p-Moe (green) antibodies. RFP marks the wild-type
photoreceptor. (C) Immunostaining of late pupalMoePL54mosaic retinas using
Synd661T/Def backgroundwith anti-Crb (green) and anti-Rh1 (blue) antibodies.
RFP marks the Synd single-mutant photoreceptor. Asterisks show Synd and
Moe double-mutant photoreceptors. (D,E) Cross-sections of an ommatidium of
MoePL54 homozygous photoreceptors with Synd661T/Def background in 0 day
adult flies (D) and the pupae at 70% pd (E) observed by electron microscopy.
Five, twelve, three, two and three independent eyes were observed in A-E,
respectively. Scale bars: 5 μm in A-C; 2 μm in D,E, left; 500 nm in D,E, right.
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chp2 and Synd661T double-mutant ommatidia showedmore severe
disruption of stalk-rhabdomere separation than those in the Synd661T

or chp2 single-mutant ommatidia (Fig. S5E), resulting in smoother
C-shaped figure of Rh1 staining (Fig. 8B). Electron microscopy
showed that microvilli showed no co-adherence but were spread
across the entire apical membrane (Fig. 8D, left; 36/36 chp2/chp2

Synd661T/Synd661T double-mutant photoreceptors). Moreover, in
contrast to that of the Synd661T single-mutant ommatidia (Fig. 6G),
stalk-rhabdomere segregation was prominently disrupted even
during mid-pupal development stage in the chp2 and Synd661T

double-mutant ommatidia (Fig. 8D, right; 27/27 chp2/chp2

Synd661T/Synd661T double-mutant photoreceptors). During
development of chp2 and Synd661T double-mutant ommatidia, Crb
and TRP colocalized at the apical membrane (Fig. S5E). Thus,
severe defects of stalk and rhabdomere segregation in the chp2 and
Synd661T double-mutant photoreceptors were initiated before
catacomb-like membrane architecture formation. These results
implied that Chp and Synd are involved in distinct processes of
stalk-rhabdomere segregation.

Endocytosis is not essential for stalk-rhabdomere
segregation
As Synd has been reported to regulate endocytosis (Kessels and
Qualmann, 2004; Seemann et al., 2017; Senju et al., 2011), we
investigated whether endocytosis is required for stalk-rhabdomere
segregation. We previously showed that endocytosed Rh1

accumulates in RLVs (Rh1-containing large vesicles). RNAi-
knockdown of Rab5 in photoreceptors caused lack of RLVs,
indicating that Rh1 endocytosis was totally inhibited; however, in
these photoreceptors, the rhabdomere and stalk segregated properly,
and Crb was restricted to the stalk membrane (Fig. S6A). Shits1

mutant flies kept at 29°C for 40 h also showed normal segregation
of rhabdomere and stalk, although the rhabdomeres were partially
degenerated, as reported previously (Pinal and Pichaud, 2011)
(Fig. S6B). We also investigated the impact of the loss of
endocytosis using clathrin heavy chain (Chc) DN and ChcRNAi,
because clathrin pits are often observed on stalk membranes and at
the base of rhabdomeres. In both photoreceptors, we found that
rhabdomeres were small, but that rhabdomere-stalk separation was
perfect. No Crb staining was seen in the rhabdomeres of dominant-
negative protein of Chc (ChcDN)- or ChcRNAi-expressing
photoreceptors (Fig. S6C,D). These results indicated that Synd is
likely to contribute to the rhabdomere morphogenesis through its
membrane curvature properties, rather than through endocytosis.

DISCUSSION
The present study shows that Synd loss leads to the failure of the
microvilli to form a united bundle of rhabdomeres, resulting in small
clusters of microvilli intermixed with stalk membrane. Super-
resolution microscopy and electron micrograph indicated that Synd
binds to the microvillar neck inner surface, presumably in a collar-like
configuration. This forms and/or stabilizes the membrane curvature of
the microvillar neck, which well fits the radius predicted from the
Drosophila Synd dimer crystal structure (∼21 nm) (Edeling et al.,
2009). We also confirmed that p-Moe is required for proper
segregation of the stalk and rhabdomere membrane (Karagiosis and
Ready, 2004) through formation and/or stabilization of the rhabdomere
base architecture. Synd and p-Moe appeared to colocalize at the
rhabdomere base under conventional confocal microscopy. However,
2D-dSTORM super-resolution microscopy showed that the pattern of
p-Moe localization is different from that of the regular array of Synd
(Fig. 4I). Localization, function and membrane-binding nature of
p-Moe imply the possibility of p-Moe localization on the base
membrane around microvillar necks, where electron-dense spots were
observed (Fig. 5B,E). Future research may provide more precise
localization of p-Moe to connect these spots with p-Moe.

Here, we show one possible model of Synd and p-Moe
localization and the organization of membrane architecture
(Fig. 9). Synd localizes at the bottom of microvillus and p-Moe
localizes between the microvilli, and both of them play crucial roles

Fig. 8. Loss of Chp strongly enhances the disruption of stalk-rhabdomere
segregation caused by Synd deficiency. (A) Immunostaining of late pupal
chp2 mosaic retinas using anti-Synd (green) and anti-TRP (blue) antibodies.
RFP marks the wild-type photoreceptor. (B) Immunostaining of late pupal chp2

and Synd661T double-mutant mosaic retinas using phalloidin (green) and anti-
Rh1 antibody (blue). RFP marks the wild-type photoreceptor. (C,D) Cross-
sections of an ommatidium (top) and microvilli (bottom) from the pupae at 90%
pd chp2 homozygous ommatidium (C), and chp2 and Synd661T double
homozygous ommatidia (D) from 0 day adult flies or the pupae at 70% pd
observed by electron microscopy. Two, three, two, three and four independent
eyes were observed in A-D (0d) and D (70%), respectively. Scale bars: 5 μm
in A,B; 2 μm in C,D (top); 200 nm in C,D (bottom).

Fig. 9. Model of the rhabdomere base structure. Synd and p-Moe play
crucial roles to support the structure of the rhabdomere base membrane,
whereas Chp unites the microvilli to a rigid bundle: the rhabdomere. Synd
(blue), p-Moe (green), Chp (yellow), plasma membrane (brown) and F-actin
(pink). Schematics of the F-Bar-domain dimer of Synd andMoe are shown at a
scale similar to that of the model.
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to support the rhabdomere base structure and to exclude stalk
membrane components, such as Crb.
We also found that Synd and p-Moe recruitment to the

rhabdomere base were not co-dependent, and MoePL54 and
Synd661T double mutants did not exhibit a synergic or additive
effect on stalk-rhabdomere segregation. These results indicate that
Synd and Moe are independently required for the same process;
namely, the catacomb-like architecture formation and/or
stabilization at the rhabdomere base, which is required for stalk
membrane elimination from the rhabdomere. Therefore, the lack of
either of these proteins impairs stalk-rhabdomere segregation.
Pupal photoreceptors express another BAR protein, amphiphysin

(Amph), which colocalizes with F-actin on the prospective
rhabdomeres in young pupae (Zelhof et al., 2001). Amph-
deficient adult photoreceptor rhabdomeres are tightly packed and
occasionally fused, thus creating very little inter-rhabdomere space,
indicating that Amph acts on rhabdomere morphogenesis. Together
with the absence of Amph expression in adult photoreceptors, the
phenotype difference between Amph and Synd indicated that Amph
functions differently from Synd.
Awell-known function of syndapin is the regulation of endocytosis.

Thus, we investigated whether endocytosis is necessary for stalk-
rhabdomere segregation; however, the stalk and rhabdomere separated
perfectly in Rab5- and Chc-deficient photoreceptors. Thus, the
function of Synd required in stalk-rhabdomere segregation is likely to
be membrane curving, rather than endocytosis.
Polarized transport to the rhabdomeres is also unrelated to stalk-

rhabdomere segregation. We have investigated many genes
involved in vesicle transport in fly photoreceptors: Rab1 and
Syx5 are involved in ER to Golgi transport; Rab6 is required for the
transport between the TGN and RE; and Rab11/dRip11/MyoV are
essential for the transport toward the rhabdomere. However,
rhabdomere invasion by Crumbs was not observed in these
mutants (Iwanami et al., 2016; Li et al., 2007; Satoh et al., 1997,
2005, 2016a,b). Nonetheless, Synd function in the transport to the
stalk membrane cannot be excluded. Crumbs invasion of the
rhabdomere might be explained if Synd blocks the access by
Crumbs-bearing vesicles to the rhabdomere base membrane, by its
concentrated localization at the base of the rhabdomere.
Chp is also required for the restricted localization of Crb on the

stalk membrane, as Crb mislocalized to the rhabdomeres in the chp2

mutant (Gurudev et al., 2014). We further found that additional loss
of Chp significantly enhances the stalk-rhabdomere segregation
defect of Synd661T deficiency. In chp2 and Synd661T double-mutant
ommatidia, individual microvilli were completely separated and
spread across the apical membrane, indicating that Chp and Synd are
required in distinct processes of stalk-rhabdomere segregation. As
Chp is an adhesion molecule on the microvilli, this result suggests
that microvilli bundling is one of the mechanisms for stalk and
rhabdomere segregation. Our results indicate that this is powered by
two independent microvilli bundling activities: (1) Chp-mediated
adhesion over the entire microvillus length; and (2) scaffolding by
Synd and p-Moe at the rhabdomere base membrane. These activities
unify the microvilli into a single rhabdomere at the center of the
apical membrane, concomitant with stalk membrane exclusion. As
the stalk membrane is fragmented into the space between the
clustered rhabdomere microvilli upon Synd or p-Moe loss, the stalk
appeared not to have a mechanism to exclude microvilli or
rhabdomere base membrane, despite the F-actin and β-spectrin
network supporting the stalk membrane.
A stereocilium of the hair cell of the mammalian cochlea is a

structure equivalent to the fly photoreceptor microvillus. The base

of the stereocilium is also constricted and forms a neck.
Protocadherin 15 (PCDH15) forms links that connect neighboring
stereocilia, and the bundle of stereocilia forms a single domain
within the apical surface. In the zebrafish, syndapin 1 and cordon
bleu (Cobl) are required for both microtubule-dependent kinocilia
and F-actin-rich stereocilia formation, and both proteins localize to
the base of developing cilia in ZF4 cells (Schüler et al., 2013).
Syndapin and another Bar protein, ASAP1, are recruited to the
microvillus base by Cobl overexpression in Jeg3 cells (Grega-
Larson et al., 2015). Thus, syndapin localization on the microvillus
or stereocilia neck appears to be a general feature. Mutations in
FAM65B (RIPOR2) cause hearing loss in humans (Diaz-Horta et al.,
2014). Fam65b forms ring-like structures at the stereocilia base
(Zhao et al., 2016); this configuration resembles the distribution of
electron-dense spots in our electron microscopic analysis (Fig. 5E).
Without Fam65b, the stereocilia are not tightly bundled and each
stereocilium points in a different direction. This phenotype is similar
to that of Synd661T homozygous mutant fly photoreceptors (Zhao
et al., 2016). Notably, a DNA sequence comparison suggested
Fam65b might have a PX-Bar domain (Diaz-Horta et al., 2014);
however, this conclusion has been contested (Teasdale and Collins,
2014). Neck formation to constrict the plasma membrane by BAR
proteins might be a general mechanism for microvilli-mediated
formation of the domain.

MATERIALS AND METHODS
Drosophila stocks and genetic backgrounds
The flies were grown at 18-25°C on standard cornmeal-glucose-agar-yeast
food. The EMS mutagenesis and F2 live-imaging screening were performed
as described previously (Iwanami et al., 2016). The starter strain with the
second chromosome carrying proximal neoFRT at 82Bwas isogenized from
the Bloomington Stock #5619, which was used in single nucleotide
polymorphism (SNP) mapping (Berger et al., 2001). The tester line w;
Rh1Arr2GFP ey-FLP/SM1; FRT82B P3RFP/TM6B was used for live
imaging of mutant lines. y w ey-FLP::FRT82B P3RFP was used for
immunostaining. Syndmut1, BSC43 (deficiency for Synd region) was
provided by Dr Takeda (Okayama University, Japan). moePL54, FRT19A
and UAS-moe::GFP were provided by Dr Payre (Centre de Biologie du
Développement, Université Paul Sabatier, Toulouse, France). slik1 was
provided by Dr Hipfner [Institut de Recherches Cliniques de Montréal
(IRCM), Canada]. chp2 (BL42251), w shits1 (BL7068), UAS-ChcDN
(BL26847) and w;; UAS-ChcRNAi (BL27530) were obtained from the
Bloomington Drosophila Stock Center. Rab5RNAiGD10492 (v34096) was
obtained from the Vienna Drosophila Resource Center. The following Gal4
lines were used: Rh1-Gal4 (a gift from Dr Hama, Kyoto Sangyo University,
Kyoto, Japan), and heat shock-Gal4 and GMR-Gal4 (obtained from the
Bloomington Stock Center).

Live imaging of fluorescent proteins expressed in
photoreceptors
The fluorescent proteins expressed in the photoreceptors were imaged by the
water-immersion technique as described previously (Satoh et al., 2013).

Immunohistochemistry
The fixation and staining methods were performed as described previously
(Satoh and Ready, 2005). Primary antisera used were as follows: rabbit anti-
Rh1 (1:1000) (Satoh et al., 2005), chicken anti-Rh1 (1:1000) (Satoh et al.,
2013), mouse monoclonal anti-Na+K+ATPase alpha subunit (1:500 ascites)
(Developmental Study Hybridoma Bank), rat monoclonal anti-DE-Cad
(1:15 supernatant) (DSHB), rat anti-Crb (1:300) (a gift from Dr Tepass,
University of Toronto, Canada), rabbit anti-TRP (1/1000) (a gift from
Dr Montell, Johns Hopkins University, Baltimore, MD, USA), mouse
monoclonal anti-Arm (1:15 supernatant) (DSHB), anti-phosphorylated
ERM (p-Moe) (1/300, high conc: 1/12) (Cell Signaling Technology Japan,
Tokyo, Japan; #3141S), guinea pig anti-Slik (1/300) (a gift from
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Dr Hipfner), rabbit anti-Synd (1/100) (prepared for this study) and mouse
anti-Synd (1/100, high conc: 1/40) (prepared for this study). The secondary
antibodies included anti-mouse, anti-rabbit, anti-rat and/or anti-chicken
antibodies labeledwithAlexa Fluor 488, 568 or 647 (1:300, high conc: 1/100)
[Life Technologies, A-21202 (mouse 488), A-11008 (rabbit 488), A-11006
(rat 488), A-11039 (chicken 488), A10037 (mouse 568), A-11036 (rabbit
568), A-11077 (rat 568), A-11041 (chicken 568), A31571 (mouse 647),
A-21245 (rabbit 647), A-21247 (rat 647), A-21449 (chicken 647)]. The
images of samples were recorded using an FV1000 confocal microscope
(60×1.42 NA objective lens; Olympus). To minimize bleed-through, each
signal in double- or triple-stained sample was imaged sequentially. The
images were processed in accordance with the Guidelines for Proper Digital
Image Handling using ImageJ and/or Adobe Photoshop CS3.

Electron microscopy
Electron microscopy was performed as described previously (Satoh et al.,
1997). The samples were observed using a JEM1400 electron microscope
(JEOL) and montage images were taken using a CCD camera system
(JEOL). Intensities along the concentric circles for various radiuses were
plotted using ImageJ.

Mapping and determination of mutations
Meiotic recombination mapping between proximal FRT at 82B, 661T-
responsible mutation and distal miniature w+ marker P{EP318} at 100D2
(Berger et al., 2001) was carried out. The isogenized y w ey-FLP;; FRT82B
661T/TM6B flies were crossed with y w ey-FLP;; P{EP0511} flies isogenized
from the Bloomington stock #6414. The female offspring carrying the
mutated chromosome and miniature w+-marked chromosome was crossed
with y w ey-FLP; Rh1Arr2GFP; FRT82B P3RFP males with an isogenized
third chromosome. The offspring with w+ mosaic eyes were considered as
FRT82B-EP318 recombinants. Using the confocal live imaging of Arr2::
GFP, the inheritance of C-shaped rhabdomeres of each recombinant was
determined. The recovered recombinant flies were individually placed in 50 µl
of 200 ng/µl proteinase K in 10 mM Tris-chloride (Tris-Cl) (pH 8.2), 1 mM
EDTA and 25 mM sodium chloride (NaCl), and then digested at 55°C for 1 h.
The digestion was stopped by heat inactivation at 85°C for 30 min and 95°C
for 5 min. Subsequently, a 0.5 µl aliquot of the digested solution was used as
the template for PCR amplification for RFLP analysis as described in the
FlySNP database (Chen et al., 2008).

Whole-genome resequencing of EMS-generated mutants
For whole-genome resequencing of the 661Tmutant, the genomic DNAwas
extracted from homozygotes of isogenized starter third chromosome
FRT82B, and heterozygous males of 661T and FRT82B. The DNA
libraries were prepared using the NEB Next DNA Library Prep Set for
SOLiD (New England Biolabs). The paired-end 75+35 bp reads were
obtained using the SOLiD 5500xl (Applied Biosystems), converted to fastq
format, and mapped to the release 5 genome of theD. melanogaster genome
using BWA 0.5.9 (Li and Durbin, 2009). The single nucleotide variants
(SNVs) and indels were called using the Genome Analysis Tool Kit 2.1
(GATK, Broad Institute, Cambridge, MA, USA), and annotated using
SnpSift (Cingolani et al., 2012). The RFLP-mapped region of the 661T
mutant was covered by reads with an average depth of ×38. Molecularly
defined chromosomal deletions (i.e. ED5942, BSC475, BSC809, BSC818,
Exel6184, BSC808, ED6025, ED6027, BSC517, BSC516, Exel6185,
BSC518, BSC488, BSC141, BSC124, BSC819, BSC680, ED10811,
ED10820 and Exel6272) were used for complementation tests with the
661 Tmutant. NGS data of Starter FRT82B and 661Tmutant are available at
Figshare (doi.org/10.6084/m9.figshare.7421636).

Generation of anti-Synd antibodies
One rabbit and five mice anti-Synd polyclonal antisera were generated
against a unique Synd region near the N-terminal peptide (amino acids
15-32: DSF) (Sigma Aldrich).

Immunoblotting
Immunoblotting was performed as described previously (Satoh et al., 1997).
The following antibodies were used: rabbit anti-Synd (1:1000) (prepared for

this study), mouse anti-Synd (1:1000) (prepared for this study) and chicken
anti-Arr2 (1:40,000) (Satoh et al., 2010). Horseradish peroxidase-
conjugated anti-rabbit and anti-mouse IgG antibodies (1:20,000, Life
Technologies, 115-035-003, 111-035-003) were used as secondary
antibodies. The signals were visualized by enhanced chemiluminescence
(Clarity Western ECL Substrate; Bio-Rad) and imaged using ChemiDoc
XRS+ (Bio-Rad).

Super-resolution imaging
To suppress autofluorescence, the flies were raised in vitamin A-deficient
media. The mosaic retinas from late pupae of y w ey-FLP;;FRT82B/FRT82B
Synd661Twere dissected, rubbed on 35 mmmicrodishes with ibiTreat (ibidi)
and the separated ommatidia were fixed in 4% paraformaldehyde in
periodate-lysine-paraformaldehyde buffer for 3 min, washed in phosphate-
buffered saline (PBS) and permeabilized in PBS with 0.1% Triton X-1000
for 5 min. Immunostaining was performed as described above using mouse
anti-Synd antibody (1/40) and goat anti-mouse IgG labeled with Alexa
Fluor 647 (1/100). 2D-dSTORM was performed using Delta Vision OMX
V3 microscope (GE Healthcare) with a silicone immersion objective lens
(UPLSAPO 100XS NA 1.35; Olympus). For 2D-dSTORM, the
conventional light path without TIRF was used as the rhabdomeres were
not directly on the coverslip surface. About 20-30 min before imaging, the
sample solution was replaced with the imaging buffer containing 60 mM
HEPES (pH 7.6), 0.6× PBS, 0.5 mg/ml glucose oxidase, 40 µg/ml catalase,
5% glucose and 143 mM 2-mercaptoethanol. For two-color 2D-dSTORM,
mouse anti-Synd (1/40) and rabbit anti-phosphorylated ERM (p-Moe)
(1/12) (Cell Signaling Technology) were used as primary antibodies, and
Alexa Fluor 568-labeled anti-mouse IgG (1/100) and Alexa Fluor 647-
labeled anti-rabbit IgG (1/100) were used as secondary antibodies. For Synd
and Synd-GFP double labeling, mosaic retina from pupae of w; UAS-Synd::
GFP/hs-Gal4 ey-FLP ; FRT82B/FRT82B Synd661T were immunostained
using mouse anti-Synd (1/40) and chicken anti-GFP (1/100) antibodies
followed by goat Alexa Fluor 568 anti-mouse IgG (1/100) and Alexa Fluor
647 anti-chicken antibody (1/100). Two channels were simultaneously
obtained using two EM-CCDs as in single-color d2D-STORM and
individually reconstructed. Image frames of 30,000-53,000 were denoised
and deconvolved to increase resolution in noisy images (Matsuda et al.,
2010), and reconstructed using DAOSTORM (Holden et al., 2011). Sample
drift was corrected by iterative cross-correlation of time projection of 1000
frames of the original STORM images. To superimpose the two-color
images, a reference image using bleed-through of shorter wavelength was
obtained before 2D-dSTORM imaging and used to calculate the registration
parameters using Chromagnon v0.64 software (Matsuda et al., 2018). To
find the peak coordinates, Priism suite (https://biii.eu/priismive) was used
with a threshold at 150 times of the standard deviation of the overall signal,
and minimum point separation at 1 pixel (10 nm). Multicolor 2D-dSTORM
images were shown with a gamma value of 0.6 for Synd and 0.9 for Moe or
Synd-GFP.
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