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Abstract
The adult Drosophila retina is a highly polarized epithelium derived from a precursor tissue that is
initially symmetric across its dorsoventral axis. Specialized 90° rotational movements of subsets of
cells, the ommatidial precursors, establish mirror symmetry in the retinal epithelium. Myosin II, or
Zipper (Zip), a motor protein, regulates the rate at which ommatidia rotate: in zip mutants, the rate
of rotation is significantly slowed. Zip is concentrated in the cells that we show to be at the likely
interface between rotating and non-rotating cells: the boundary between differentiated and
undifferentiated cells. Zip is also robust in newly added ommatidial cells, consistent with our model
that the machinery that drives rotation should shift to newly recruited cells as they are added to the
growing ommatidium. Finally, cell death genes and canonical Wnt signaling pathway members
genetically modify the zip phenotype .
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Background
The movement and rearrangement of cells is essential for morphogenesis and development.
Epithelial movement is coordinated among groups of cells in some instances, contributing to
events such as gastrulation in vertebrates and dorsal closure in the Drosophila embryo (Djiane
et al., 2000; Formstone and Mason, 2005; Kaltschmidt et al., 2002; Mlodzik, 2002; Morel and
Arias, 2004; Tada et al., 2002; Winklbauer et al., 2001). In other events, cells move
independently of their neighbors, such as during neural crest cell migration (Locascio and
Nieto, 2001). In these cases, cells on the leading edge extend projections into the extra-cellular
matrix and then contract the extensions to pull the cells forward. A distinct type of movement
occurs when cells rearrange themselves within an epithelium, for example when cells
intercalate between one another during convergent extension (CE) and when groups of cells
move past one another, such as when the border cells of the ovary collectively migrate between
the nurse cells (Montell, 2003). A similar cellular rearrangement takes place in the developing
Drosophila eye when discrete groups of cells rotate on an axis within the epithelium. The
mechanisms that produce the force for this latter type of movement are not understood.

In the developing Drosophila compound eye, 800 groups of cells undergo a 90° rotational
movement within the epithelium. These groups of cells constitute the precursors to the
ommatidia, the unit eyes of the compound eye (Fig. 1A). The direction in which the ommatidial
precursors rotate is dictated by their location in the eye: those in the dorsal half rotate
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counterclockwise whereas those in the ventral half rotate clockwise (Fig. 1B, blue arrows).
These rotational movements set up a dorsoventral midline, known as the equator (Fig. 1A:
yellow line).

The rotating units of cells are partially assembled several hours before they begin to rotate.
Ommatidial assembly and pattern formation in the compound eye proceed in a wave that moves
from the posterior to the anterior of the imaginal disc. The leading edge of this wave is marked
by a groove in the epithelium, the morphogenetic furrow (Ready et al., 1976). The first
organized groups of cells to emerge from the furrow form an arc of equipotent cells (Dokucu
et al., 1996; Wolff and Ready, 1991b). One cell from the arc differentiates to form the
photoreceptor (R) 8 (R8) cell (Baker et al., 1996; Dokucu et al., 1996). R8’s two adjacent
neighbors in the arc subsequently adopt the R2 and R5 fates, followed by R3 and R4,
completing assembly of the ommatidial precluster (Tomlinson, 1985). All subsequent cells
that are either incorporated into the ommatidium or killed off by cell death are generated in a
wave of cell divisions known as the second mitotic wave (Campos-Ortega, 1977; Wolff and
Ready, 1991b). R1 and R6 are the next two cells to be recruited into the ommatidium, followed
by R7. The last class of cells to be added to the growing ommatidium during the larval phase
of development are the non-neuronal lens-secreting cone cells; the anterior and posterior cone
cells are added first, followed by the polar and equatorial cone cells (Fig. 1C-J; this figure was
originally printed as Fig. 15 in “Pattern formation in the Drosophila retina,” by Wolff and
Ready in “The Development of Drosophila melanogaster,” reprinted here with permission by
Cold Spring Harbor Laboratory Press).

The mechanisms that drive the movement of these rotating groups of cells are unclear, although
several genes have been implicated in regulating ommatidial rotation. These “rotation genes”
differ from the class of tissue polarity genes in that they impact only the degree to which
ommatidia rotate, but do not affect cell fate and chirality; the tissue polarity genes influence
all three. Among these rotation-specific genes are members of the Jun kinase pathway,
members of the EGF signaling pathway, and a serine/threonine kinase similar to the MEKs,
nemo (nmo) (Brown and Freeman, 2003; Choi and Benzer, 1994; Chou and Chien, 2002;
Freeman et al., 1992; Gaengel and Mlodzik, 2003; Lee et al., 1996; Mirkovic et al., 2002; Strutt
and Strutt, 2003).

In an effort to uncover molecules likely to regulate this rotational movement, we conducted a
dominant modifier screen in a nmo misexpression background. We identified the non-muscle
myosin zipper (zip) as a suppressor of misexpressed nmo. Although we subsequently showed
that zip and nmo are not bona fide genetic interactors, as loss-of-function zip does not interact
with loss-of-function nmo, concurrent work revealed that zip does affect the rotation process.

Zip regulates several types of cellular movements, including dorsal closure, CE, and border
cell migration (Bertet et al., 2004; Edwards and Kiehart, 1996; Franke et al., 2005; Mizuno et
al., 2002). In these processes, Zip provides the force for movement by contracting a myosin
network. During dorsal closure, Zip contracts a belt of actin like a purse string, in which each
cell on the perimeter of the hole contributes to the “belt” (Franke et al., 2005). In CE,
populations of cells intercalate with one other when Zip causes vertically-oriented actin fibers
to contract (Zallen and Wieschaus, 2004). Zip provides the force for border cell migration
during oocyte development by contracting actin filaments that extend between the border cells
and nurse cells (Fulga and Rorth, 2002). Given its widespread roles in generating forces for
movement, by analogy, zip may contribute to the force for ommatidial rotation.

Here, we show that Zip, a motor protein, is essential for ommatidial rotation. Zip accumulates
in cells recruited into the growing ommatidium (photoreceptors and cone cells), cells that we
show to be at the interface between rotating and non-rotating cells. This localization pattern is
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intriguing in that, in the simplest scenario, this interface represents the locale for the
“machinery” that drives rotation. Consistent with the hypothesis that Zip is part of the rotation
machinery, broadly defined, we show that, as new cells are added to the maturing ommatidial
precursor and the interface between rotating and stationary cells consequently changes, Zip
localization undergoes a parallel accumulation in the newly recruited (and newly rotating) cells.
Finally, we show that wild type corrects the minor deviations in ommatidial orientation
observed at the completion of rotation, probably through organizing the interommatidial lattice.
Zip mutants fail to correct these deviations. Rotation-based patterning defects are likely
primarily responsible for this failure, although genetic interaction studies suggest Zip may
interact with canonical Wnt signaling and cell death to correct these deviations, as the
ommatidial orientation phenotype of zip mutant ommatidia is enhanced by decreased activity
of components of the canonical Wnt signaling pathway and suppressed by decreased activity
of cell death genes. Notably, canonical Wnt signaling has been implicated in cell death (Ahmed
et al., 1998; Cox et al., 2000; Freeman and Bienz, 2001). The suppression of the zip phenotype
by cell death genes raises the possibility that zip regulates ommatidial orientation by cell death-
dependent patterning of the pigment cell lattice.

Materials and Methods
Genetics

Fly strains used: Canton S, w1118, nmoP1/TM6, UAS>nmo, zip1/CyO, w;zip1, FRT42D/Cyo,
zipEbr/CyO (gift from R. Ward (Ward et al., 2003)), cn1,zip02957/CyO, UAS>zipDN (gift from
D. Kiehart), UAS>zip-GFP (gift from A. Brand (Barros et al., 2003)), sev>GAL4,
GMR>GAL4, Drok2/FM7a, fzKD4A/CyO, dsh1, dsh3/FM7a, stbm6cn, fmiE59/CyO, pksple/CyO,
arm8/FM7a, Df(H99)/TM6b (gift from R. Cagan), hid05014/TM6b (gift from R. Cagan),
GMR>P35. ey>FLP was used to generate zip clones.

Immunohistology
Third instar larval eye imaginal discs and mid-pupal eyes (39 hours after puparium formation
at 25°C) were dissected and processed as described (Wolff, 2000). Tissue was incubated in
primary antibody overnight at 4°C at concentrations of 1:10 for α-Armadillo (α-Arm; mouse
monoclonal, Developmental Studies Hybridoma Bank), 1:20 for phalloidin (Molecular
Probes), and 1:500 for α-Zipper (rabbit polyclonal, generous gift from D. Kiehart (Kiehart and
Feghali, 1986)). Antibodies conjugated to Alexafluor fluorescent dyes were used as secondary
antibodies (Molecular Probes). Fluorescent images were collected using a Leica TCS SP2
confocal microscope.

Phenotypic analyses
Adult eyes were fixed, embedded and sectioned according to standard protocols (Wolff,
2000). Angles were measured between two vectors, one running parallel to the equator and the
second drawn through the rhabdomeres of photoreceptors (R) R1, R2, and R3, using the ImageJ
software. The number of ommatidia and eyes scored is as follows: Canton S: 2103 ommatidia
from 11 eyes; UAS>zip;sev>Gal4/sev>Gal4: 1050 ommatidia from 8 eyes;
UAS>zipDN;sev>Gal4: 723 ommatidia from 8 eyes. UAS>zipDN;sev>Gal4/nmoP1: 568
ommatidia from 6 eyes; UAS>zipDN/UAS>zip;sev>GAL4: 448 ommatidia from 5 eyes;
UAS>zipDN/zip02957;sev>GAL4; 584 ommatidia from 6 eyes; GMR>P35: 690 ommatidia
from 8 eyes.

sev>zipDN interactions were scored as described previously in the following number of
ommatidia and eyes: fzKD4A, 938 ommatidia from 10 eyes; Drok2, 751 ommatidia from 8 eyes;
dsh1, 534 ommatidia from 5 eyes; dsh3, 840 ommatidia from 8 eyes; stbm6cn, 1192 ommatidia
from 12 eyes; fmiE59, 505 ommatida from 6 eyes; pksple, 774 ommatidia from 8 eyes; arm8,
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609 ommatidia from 7 eyes; Df(H99), 881 ommatidia from 8 eyes; hid05014, 573 ommatidia
from 6 eyes.

Third larval instar eye discs were dissected, fixed and immunolabeled with α-Arm, as described
(Wolff, 2000). Rotation angles were measured between two vectors, one drawn parallel to the
equator and the second running between the R3/4 interface and through the center of R8. ImageJ
software was used to measure the angles. The number of ommatidia scored is as follows.
w1118: row 2, 92 ommatidia; row 3, 101 ommatidia; row 4, 101 ommatidia; row 5, 101
ommatidia; row 6, 100 ommatidia; row 7, 100 ommatidia; row 8, 100 ommatidia; row 9, 99
ommatidia; row 10, 99 ommatidia; row 11, 99 ommatidia; row 12, 98 ommatidia; row 13, 98
ommatidia; row 14, 88 ommatidia; row 15, 80 ommatidia; from 12 eyes; UAS>zip;
sev>GAL4: row 2, 54 ommatidia; row 3, 58 ommatidia; row 4, 57 ommatidia; row 5, 55
ommatidia; row 6, 53 ommatidia; row 7, 54 ommatidia; row 8, 54 ommatidia; row 9, 52
ommatidia; row 10, 49 ommatidia; row 11, 47 ommatidia; row 12, 42 ommatidia; row 13, 38
ommatidia; row 14, 33 ommatidia; row 15, 34 ommatidia; from 5 eyes;
UAS>zipDN;sev>GAL4: row 2, 43 ommatidia; row 3, 68 ommatidia; row 4, 76 ommatidia; row
5, 72 ommatidia; row 6, 76 ommatidia; row 7, 74 ommatidia; row 8, 74 ommatidia; row 9, 75
ommatidia; row 10, 70 ommatidia; row 11, 64 ommatidia; row 12, 66 ommatidia; row 13, 64
ommatidia; row 14, 60 ommatidia; row 15, 57 ommatidia; from 7 eyes;
UAS>zipDN;GMR>GAL4; row 2, 106 ommatidia; row 3, 110 ommatidia; row 4, 103
ommatidia; row 5, 102 ommatidia; row 6, 108 ommatidia; row 7, 103 ommatidia; row 8, 96
ommatidia; row 9, 81 ommatidia; row 10, 80 ommatidia; row 11, 63 ommatidia; row 12, 68
ommatidia; row 13, 52 ommatidia, row 14, 50 ommatidia; row 15, 46 ommatidia; from 14
eyes; GMR>P35: row 2, 56 ommatidia; row 3, 59 ommatidia; row 4, 60 ommatidia; row 5, 64
ommatidia; row 6, 63 ommatidia; row 7, 62 ommatidia; row 8, 63 ommatidia; row 9, 61
ommatidia; row 10, 59 ommatidia; row 11, 57 ommatidia; row 12, 49 ommatidia; row 13, 52
ommatidia; row 14, 53 ommatidia; row 15, 54 ommatidia; from 7 eyes.

The data illustrated in Fig. 4C was obtained from α-Arm-stained eye discs; angles were
measured as described above. The number of ommatidia scored for each developmental stage
is as follows: two mystery cells, 53 ommatidia; one mystery cell, 40 ommatidia; 5-cell stage,
68 ommatidia; 7-cell stage, 99 ommatidia; 8 cell stage, 112 ommatidia; posterior and anterior
cone cell stage, 151 ommatidia; polar cone cell stage, 122 ommatidia; equatorial cone cell
stage, 92 ommatidia.

Results
zip exhibits an ommatidial orientation phenotype in adult eyes

zip was identified in a screen for modifiers of the rotation phenotype of the serine threonine
kinase, nemo (Choi and Benzer, 1994). zip dominantly suppresses the sev>nmo rotation
phenotype from 44 +/- 16 to 15 +/- 4 percent errors (p<2×10-10). While loss-of-function genetic
assays suggest zip and nmo do not interact (data not shown), we cannot rule out the possibility
that the absence of an interaction may be a consequence of the alleles used in the assay.
Concurrent work revealed zip function is essential for normal ommatidial orientation.

Homozygous zip1 (a null allele) flies die prior to ommatidial rotation. Clones of zip1 tissue
could not be analyzed since GFP-negative tissue bordering the twin spots in eye imaginal discs
is α-Arm negative, and in adults, only small scars are apparent bordering the twin spots (data
not shown). Genotypically wild-type ommatidia adjacent to these scars exhibit orientation
errors (Fig. 2A). These orientation defects are likely due to zip-induced flaws in the pigment
cell lattice (see below).
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Since strong loss-of-function alleles of zip severely disrupt retinal morphology (Baumann,
2004) and thereby preclude analysis of a potential rotation phenotype, we instead attempted to
enable initial growth and recruitment of photoreceptors to take place normally by removing
less Zip activity. We partially removed zip function using either a viable, heteroallelic fly
(zipEbr/zip02957) (Fig. 2B) or a dominant negative transgene, zipDN (Fig. 2D). zipDN transgenic
flies mimic loss-of-function alleles (Burns et al., 1995; Franke et al., 2005). The transgene was
expressed using the eye-specific driver sev>Gal4, which drives expression in photoreceptors
R3, R4, R7 and the cone cells. To test the efficacy of this transgene in the eye, we modified
Zip levels and assayed for the predicted interactions. Decreasing endogenous Zip activity in
the sev>zipDN background enhances the sev>zipDN phenotype, whereas increasing Zip activity
suppresses the phenotype (Fig. 2D, E, Table 1), indicating that ZipDN effectively blocks
endogenous Zip activity in the eye.

Ommatidia in wild-type eyes appear perfectly aligned with one another. There is, however, a
small amount of variation in ommatidial orientation, by our measurements (92° +/-4; Fig. 1A:
arrow). This variation is likely due to the combined effect of many factors, including curvature
of the eye (which leads to slight skewing of at least some ommatidia in sections), minor
morphological inconsistencies in ommatidia (i.e. rhabdomere shape, alignment), and possibly
even imperceptible inherent variation in orientation (by our assessments, it is not possible to
detect 5° of variation without the use of a protractor).

Ommatidia in zipEbr/zip02957 adult eyes exhibit a presumptive “rotation” phenotype in which
ommatidia appear to both over- and under-rotate, although more ommatidia over-rotate (99°
+/- 17) (Fig. 2B, Table 1). (Deviation from the wild type 90° is generally assumed to result
from defects in rotation. Our use of “presumptive” is intended to caution that additional factors
could, and in fact do (discussed below), contribute to this phenotype. For simplicity, we do not
use the word “presumptive” throughout this discussion.) Flies expressing the dominant
negative transgene also exhibit both over- and under-rotation defects, producing an average
ommatidial angle of 85° +/- 20 (Fig. 2D, Table 1). In contrast, misexpression of zip+ generates
a phenotype in which more ommatidia over-rotate than under-rotate (95° +/- 27) (Fig. 2C,
Table 1). The large standard deviation indicates these phenotypes are significant, even though
the average angle of rotation is not dramatically changed. The mild disruption of the average
angle may be a consequence of compromising Zip function in only a fraction of cells in each
ommatidium.

zip regulates the rate of ommatidial rotation
One caveat to scoring a presumptive rotation phenotype in adult eyes is that patterning events
that take place following the completion of rotation could affect ommatidial packing and could
thereby affect ommatidial orientation. Such secondary “orientation-based” defects would
therefore be mistaken for rotation-based defects. To rule out the possibility that post-rotation
patterning events contribute to the zip phenotype, and to confirm that zip does play a role in
ommatidial rotation, both the degree to which ommatidial precursors rotate and the rate at
which they rotate were measured in third instar eye imaginal discs. These parameters were
measured in wild type, sev>zipDN, GMR>zipDN and sev>zip+ eye discs (Fig. 3).

Angles were defined by 1) a vector drawn between the R3/R4 interface through the center of
R8 and 2) a line running parallel to the equator (Fig. 3). Row number was assigned based on
the morphology of the ommatidium closest to the furrow in a given column (a column
comprises a line of ommatidia arranged anterior to posterior; row numbers as defined by Wolff
and Ready, (Wolff and Ready, 1993)). For example, if the “youngest” ommatidial precursor
in a column was an arc, that row was assigned a classification of row 1; its adjacent, posterior
neighbor was assigned row 2, etc.. The values for each row were averaged to derive an average
angle of orientation for the respective rows.
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In wild-type eye discs, rotation begins at row four and essentially reaches completion at row
15 (88° +/- 9°). Although the average angle of orientation is virtually 90° by row 15, many
clusters have either not yet reached 90° or they have rotated beyond the 90° stopping point
(standard deviation: +/- 9°). The significant standard deviation in ommatidial orientation at
row 15 indicates that the mechanisms that drive ommatidial rotation are not tuned to stop
precisely at 90°; rather, some later patterning event precisely aligns the lattice once rotation is
complete. These observations support the hypothesis of the “locking mechanism” initially
proposed by Brown and Freeman (2003) to explain the presence of a phenotype in EGFR
pathway mutant adults in the absence of a larval phenotype.

In addition, in wild-type eye discs, rotation is initially fast, rotating at a rate of ∼10-15° per
row between rows four and six, and then slows to a rate of ∼5-10° per row. The fast phase
continues until the point at which the cone cells are being added whereas the slower phase
carries them the rest of the way. These two distinct rates likely underlie the apparent pause in
rotation reported by Gaengel et al. (Gaengel and Mlodzik, 2003), however, it is important to
note that we do not see a pause.

Loss of zip function, using sev and GMR to drive a dominant negative zip transgene, slows the
rate of ommatidial rotation (Fig. 3). By row 15, when rotation is essentially complete in wild
type, ommatidial precursors have rotated just 64° +/-13 in GMR>zipDN eyes and 68° +/-20 in
sev>zipDN eyes. The rate of rotation in zipDN eyes driven by GMR is significantly different
from the wild-type rate from the onset of rotation whereas it generally takes longer for sev to
exert its effects (Fig.3). We attribute the eventual slowdown in sev>zipDN eyes to the
recruitment of new, sev-positive cells into the ommatidium. R7 is recruited into the assembling
ommatidial precursor between rows 5 and 6 and the anterior and posterior cone cells are added
between rows 6 and 7. As these new cells are recruited, overall levels of ZipDN increase,
exerting a stronger effect on the rate of rotation and leading to a slowdown beginning at row
7 in sev>zipDN eyes (Fig. 3).

There is a dramatic discrepancy between the average angle of orientation in sev>zipDN mutants
in eye imaginal discs relative to the adult. By row 15 - a point that marks the end of ommatidial
rotation in wild-type discs - zip ommatidial precursors have rotated 68° (+/-20), whereas in the
adult, they have rotated an additional 20° (85° +/- 20) (Fig. 3). Two plausible mechanisms that
could account for this additional movement are prolonged rotation or normal patterning events
that occur during pupal life (discussed below). The notion that normal patterning events could
turn ommatidia an additional 20° is unlikely, given these events do not have a similar effect
on wild-type development. We therefore favor a model in which rotation continues beyond the
normal stopping point.

Misexpression of wild-type zip might be predicted to lead to an increased rate of rotation based
on the loss-of-function phenotype, however, it leads to an initial, modest delay in rotation, a
phenomenon we cannot explain. Following this initial delay, rotation proceeds at the same rate
as wild type. By row 15, the average angle of rotation in sev>zip+ eye discs is virtually equal
to that of wild type, yet the standard deviation is almost double that of wild type. The large
standard deviation is a reflection of the fact that far more ommatidia both fall short of and
surpass the 90° stopping point, perhaps as a consequence of interference with the rotation
machinery by excess zip activity. These combined results implicate zip in a role for regulating
the speed at which ommatidia rotate.

Cone cells become morphologically distinct starting at 30 - 45° of rotation
Zip, a motor protein that contributes to the regulation of rotation, could participate directly or
indirectly in the generation of force for rotation. To devise a model for how zip may act in this
capacity, it was necessary to first identify those cells between which the force needs to be
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generated. In the simplest scenario, the force is likely to be generated at the interface between
moving and stationary cells.

It has long been known that the photoreceptor clusters are members of the moving subset of
cells, but whether the future cone cells and all, some, or none of the “late-differentiating”
interommatidial cells (the future pigment cells) are also members of this moving cohort has
not been defined. Intercellular contacts could be remodeled to enable ommatidial precursors
to rotate within the epithelium in one of two places: 1) between undifferentiated
interommatidial cells (the future pigment and cone cells; green and white asterisks, Fig. 1B;
Fig. 4A, and see below for details), in which case those interommatidial cells contacting one
ommatidial precursor would rotate with that precursor while the adjacent interommatidial cells
contacting the neighboring ommatidial precursor would rotate with the neighboring
ommatidial precursor (Fig. 4A) or 2) between the photoreceptor cohort (red dots, Fig. 1B) and
their neighboring, undifferentiated, interommatidial cells (yellow asterisks, Fig. 1B; Fig. 4B).

As a first step in interpreting labeling studies designed to address this question (described
below), the time of cone cell recruitment was correlated with the degree to which ommatidial
precursors had rotated (Fig. 4C). The unit eyes of the compound eye are built by successive
recruitment of cells from the surrounding pool of undifferentiated cells. Those undifferentiated
cells that make the right set of contacts and receive the appropriate signals will differentiate to
adopt the fates occupied by a given niche. Photoreceptors R1 and R6, followed by R7, are
recruited first (Ready et al., 1976;Wolff and Ready, 1993). The anterior and posterior cone
cells are recruited next, followed a short time later by the polar and, finally, equatorial cone
cells (Wolff and Ready, 1993). Once this core is compiled, the pigment and bristle cells are
added during pupal life to complete the ommatidium.

Eye imaginal discs were examined at two focal planes to determine when during rotation the
cone cells are recruited. Third instar eye discs were labeled with α-Armadillo (α -Arm) to label
cell outlines at the level of the adherens junctions and were compared to more apical outlines
of cells, as revealed by lead sulfide. The cone cell precursors establish stereotypic contacts
with the photoreceptors; these contacts were used as a defining feature to identify the cone
cells. Observations of these discs indicate that rotation becomes apparent when just five cells
comprise the rotating group: the future photoreceptors R8, R2, R5, R3 and R4. Comparisons
of the two preparations revealed that contacts and stereotypic cellular morphologies are
established apically and consolidated basally. The timeline described here is derived from
images using the adherens junction marker, so use of an alternative, more apical marker is
expected to give subtly different results.

By the time the ommatidial precursors rotate approximately 65° (+/- 12), the anterior and
posterior cone cells are unambiguous members of the ommatidial complex, as defined by α-
Arm (Fig. 4C). By this point the cone cells have not yet adopted their final morphology, but
they do occupy their ultimate positions in the ommatidium. In many cases, by roughly 55° (+/-
13) of rotation, single cells occupy the sites of the future anterior and posterior cone cells; these
cells likely will become the anterior and posterior cone cells (Fig. 4 D, E). The polar cone cell
is clearly in position (and again stains robustly with α-Arm) by the time the ommatidial
precursor has rotated 77° (+/- 13). The equatorial cone cell is not unambiguously positioned
until the end of rotation (89° +/- 11). While these results do not establish if the precursors to
the cone cells are carried with the photoreceptors from the commencement of rotation, as
undifferentiated cells, they do establish that the anterior and posterior cone cells are recruited
into the cluster and begin to rotate with the photoreceptors by 65° of rotation, at the very latest,
the polar cone cell by 77°, at the latest, and that the equatorial cone cell is added essentially at
the completion of rotation.
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Ommatidial precursors move independently of their undifferentiated neighbors
To determine whether all, some or none of the interommatidial, undifferentiated cells (future
cone and pigment cells) move with the photoreceptors, and thereby infer the location of the
interface between rotating and stationary cells, a subset of undifferentiated cells was labeled
prior to both rotation and differentiation. The ultimate fates and locations of these cells were
then mapped in the fully patterned, mid-pupal epithelium, a method that enabled us to
reconstruct which cells move during patterning. Third instar larvae were injected with a pulse
of bromouridine deoxyri bose (BUdR) to label S phase cells that were dividing in the second
mitotic wave, a narrow band of divisions that takes place between two successive rows of
ommatidial precursors (Fig. 4 D,E). The following observations were made on data published
by Wolff and Ready, 1991 (Fig. 7, Wolff and Ready, 1991, and reprinted here as Fig. 5; refer
to Wolff and Ready, 1991 for methods and uncropped version of figure).

All cells that are not recruited into the preclusters (the preclusters consist of photoreceptor cells
R8, R2, R5, R3, and R4) ultimately undergo a division in the second mitotic wave to produce
the population of cells from which all subsequent cells are derived (Campos-Ortega, 1977;
Ready et al., 1976; Wolff and Ready, 1991b). The pulse of BUdR therefore labels most cells
between two ommatidial rows, cells that will later be recruited as R1, R6, R7, the four cone
cells, the 1°, 2° and 3° pigment cells, and the bristle cells. (Note that contrary to what is
suggested by the schematic (Fig. 4 D,E), since cell division is not synchronized in cells between
successive rows, not every cell will be labeled with a single pulse of BUdR.) The final locations
of cells recruited from the pool of labeled cells were evaluated at the completion of pattern
formation. The phenomenon of ommatidial rotation-induced equatorial movement of cells
recruited from the labeled band, as predicted by Tomlinson and Ready (Tomlinson et al.,
1987) and as reported previously by Wolff and Ready (Wolff and Ready, 1991b), is most
evident in the pattern of labeled photoreceptors R1, R6 and R7 (Fig. 5, Table 2). The labeled
R1, R6 and R7 illustrated in Fig. 5 were recruited from the pool of labeled cells positioned
posterior to the ommatidial precursor, as evidence by the observation that virtually all labeled
photoreceptor R1, R6 and R7 cells lie in the row anterior to, rather than posterior to, the black
band of label (72% and 9% respectively; Fig 5, Table 2).

There are two possible scenarios to describe which populations of cells rotate, (schematized
in Fig. 4 A, B). In one scenario, the undifferentiated cells establish contacts with the
photoreceptors prior to rotation. These contacts are fixed, such that cells that touch the
photoreceptors move with the photoreceptors (Fig. 4A). In the second scenario, contacts
between the photoreceptors and undifferentiated cells are remodeled over time, and only those
cells with “established” fates (i.e. those that get recruited into the growing ommatidium) move
with the ommatidial precursors (Fig. 4B). If the first scenario is correct, then the prospective
anterior and posterior cone cells have equal access to the labeled pool of cells (Fig. 4D, cells
1-4), and an equivalent number of anterior and posterior cone cell precursors should be
recruited from the labeled pool. If scenario two applies, there should be a bias in the ratio of
labeled anterior to posterior cells because access to the pool of labeled cells becomes reciprocal
for these two populations of cells: the anterior ommatidial precursor would have rotated such
that the anterior cone cells would be recruited from a pool that lies further from the labeled
band (Fig. 4E, cell 8) whereas the posterior cone cell from the same precursor would have
greater access to the labeled pool (Fig. 4E, cell 7). Similarly, the anterior cone cell from the
ommatidial precursor bordering the posterior edge of the band (Fig. 4E, cell 6) would have
better access to the labeled cells than would its posterior partner (Fig. 4E, cell 5).

A comparison of numbers of labeled anterior cone cells from complementary faces of
successive rows of ommatidia (i.e. both anterior and posterior to the labeled band (Fig. 4E,
cells 6 and 8)), and of labeled posterior cone cells, again, from complementary faces of
successive rows of ommatidia (Fig. 4E, cells 5 and 7), supports the second scenario: cells do
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not rotate with the photoreceptors until they have been recruited into their specific niches (Table
2). 19% of anterior cone cells from the anterior row are labeled compared to 59% of posterior
cone cells from the same row, and 51% of anterior cone cells are labeled in the posterior row
relative to just 15% in the corresponding cells (i.e. the posterior cone cells from the posterior
row). An equivalent analysis for the polar and equatorial cone cells holds true, although the
differences are less dramatic given the later recruitment of these cell types (Table 2). Similarly,
analysis of the late-differentiating cells that adopt pigment cell fates also validates this model.
In the case of the pigment cells, the tight, linear band of labeled 1°, 2° and 3° cells is a
straightforward visual and qualitative representation of the data shown in Table 2 in that if
these cells were carried by ommatidial rotation as described for scenario one, the band would
be diffuse. Rather, the observation that the band is linear indicates that the cells do not get
pulled along by the rotating photoreceptors.

The BUdR labeling studies, in conjunction with the description of cone cell recruitment with
respect to degree of ommatidial rotation, indicate that the photoreceptors move independently
of the pool of interommatidial cells, and that as cells are recruited into the growing
ommatidium, they move with the photoreceptors. The interface between rotating and stationary
cells is therefore initially between the photoreceptors and the undifferentiated interommatidial
cells and later between the photoreceptors/cone cells and late-differentiating interommatidial
cells.

Zip localizes to the apical domain in rotating ommatidia
Zip generates the driving force for diverse cellular movements. For example, the observation
that Zip accumulates at the leading edge of the epithelium during dorsal closure led to the
proposal that Zip produces a force similar to a purse string closing a hole (Franke et al.,
2005). Zip has also been implicated in providing the force for cytokinesis since it accumulates
in a ring at the cleavage furrow (Field and Alberts, 1995). Finally, during germ band extension,
Zip accumulates at the longitudinal, but not the horizontal, edge of cells, leading to the model
that Zip produces a force along the longitudinal membranes that drives their intercalation
between neighboring cells (Bertet et al., 2004). To investigate the possibility that Zip may also
provide the force for ommatidial rotation, we examined its subcellular distribution in rotating
ommatidia.

Zip is strongly localized between rotating and non-rotating cells, as visualized by α-Zip,
consistent with a role in providing the force for ommatidial rotation (Fig. 6A-A’). Furthermore,
while Zip localization is uniform in undifferentiated cells, its expression in photoreceptor
precursors is dynamic and asymmetric, as follows. In the arc stage of development (rows 1 and
2), Zip accumulates at the posterior membrane of arc cells (Fig. 6B,B’) in a fashion that
resembles Zip localization during dorsal closure. When R7 and the anterior and posterior cone
cells are recruited into the growing ommatidium, they become the new interface between
rotating and stationary cells. As they adopt this new position, two events occur simultaneously.
First, Zip localization becomes more prominent in these three cells (arrowhead, Fig. 6C’, C”,
E’, E”), accumulating at the boundaries with the interommatidial cells. Second, Zip in R8, R2
and R5 appears to “retract” from their now-occluded interface, forming ring-like structures
(arrow, Fig. 6E’,E”). This shift in Zip localization is consistent with our prediction that the
machinery for rotation must shift to the outermost cells of the rotating unit.

Zip also accumulates in cells that are not rotating, for example, cells in the morphogenetic
furrow and in the arcs. Since Zip is used in a variety of cellular processes, it is not remarkable
that these accumulations exist. One plausible role for Zip is that it regulates changes in cellular
morphology in these cells (i.e. apical constriction of cells in the morphogenetic furrow and the
changes in cell shape that are associated with closing the arc).
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Since Zip tracks along filamentous actin (F actin), we examined F actin during ommatidial
rotation and found that actin accumulation is coincident with Zip accumulation (Fig. 6A”-F”).
Depending on whether the actin network is polarized or not, two types of forces could be
generated by cooperation between actin and Zip. First, if the actin network is not polarized, a
bidirectional contractile force could be generated (Kuczmarski et al., 1991). Alternatively, if
the actin is bundled into a polarized network, Zip could generate a unidirectional force by
moving along these bundles (Ishikawa et al., 2003). The coincident accumulation of actin and
Zip specifically in rotating, and not non-rotating, cells is consistent with a role for Zip in
generating a force, although Zip’s role in ommatidial rotation could certainly be more passive
(see Discussion).

The absence of a genetic interaction between zip and nmo suggests Zip localization is unlikely
to be altered in nmo mutant clones. Indeed, Zip is unaffected in nmo clones (data not shown).
Both genes clearly affect rotation, but the genetic and localization data suggest their activities
likely influence different genetic pathways.

zip interacts with canonical Wnt signaling pathway members
The Rho family GTPase member, Rho A, and its target effector, Drosophila Rho-associated
kinase (Drok), are known regulators of the actin cytoskeleton (Winter et al., 2001). Mutations
in these genes produce tissue polarity and rotation phenotypes in the eye and wing (Fanto et
al., 2000; Verdier et al., 2006; Winter et al., 2001). These genes have been linked to tissue
polarity signaling through genetic interactions with the tissue polarity-specific allele of
disheveled (dsh), dsh1. Drok has also been linked to zip: they interact genetically (in the eye,
zip suppresses the rough eye phenotype that results from overexpression of a constitutively
active form of Drok (Verdier et al., 2006)) and Drok targets genes that regulate Zip (Winter et
al., 2001). These results have led to the proposal that zip interacts with the tissue polarity genes
to regulate tissue polarity in the eye (Fanto et al., 2000; Winter et al., 2001), although no direct
evidence exists. We therefore tested for genetic interactions between sev>zipDN and Drok and
sev>zipDN and members of the tissue polarity pathway. Drok mildly enhances the
sev>zipDN phenotype (+/- 20 vs. +/-23; p<9×10-5), consistent with published results. Although
dsh1 suppresses sev>zipDN (Fig. 7A, Table 2), neither flamingoE59 (fmiE59), pricklesple

(pksple), nor strabismus6cn (stbm6cn) modify sev>zipDN (Fig.7B, Table 1). While the absence
of interactions with three of the tissue polarity genes casts some doubt on the theory that zip
interacts with the tissue polarity pathway (Verdier et al., 2006; Winter et al., 2001), it does not
negate this theory. In addition, our results show that zip regulates rotation, as do the tissue
polarity genes, suggesting that these genes at least act in parallel pathways. It is important to
note, however, that these studies did not explore interactions with fmi, pk, or stbm. Surprisingly,
null alleles of frizzledKD4A (fzKD4A) and dsh3 (the dsh3 allele eliminates both canononical and
non-canonical Wnt signaling) enhance this phenotype (Fig. 7 C, D, Table 1). Since both the
canonical and non-canonical Wnt signaling pathways share fz and dsh, our results raised the
intriguing possibility that zip might act through canonical Wnt signaling to regulate ommatidial
orientation. Notably, to date, no connection has been made between canonical Wnt signaling
and ommatidial orientation. Indeed, armadillo8, (arm8) an allele of the Drosophila β-catenin
homolog that specifically blocks wingless signaling while leaving other functions of the gene
intact, dominantly enhances the sev>zipDN phenotype, as do fzKD4A and dsh3 (Fig. 7E, Table
1). Zip therefore appears to act through canonical Wnt signaling, perhaps in cooperation with
Drok.

Pupal cell death contributes to ommatidial alignment
There is a discrepancy in the standard deviation for ommatidial rotation at the end of larval
development (+/-9, row 15) relative to the adult (+/-4). While ommatidial rotation is the initial
and major player in polarizing the retinal epithelium -- it turns ommatidial precursors 88° +/-9
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- the ∼5° adjustment to standard deviation indicates rotation is clearly not the sole factor that
contributes to the precise alignment of the adult ommatidial lattice. Rather, a second, post-
rotation mechanism apparently imposes order on a system that is slightly disorganized.

There are several major patterning events that occur between the end of larval life and adult
life that could adjust the lattice: additional cells are recruited into the ommatidium from the
pool of undifferentiated interommatidial cells; the pigment cell lattice becomes organized as
excess, undifferentiated cells are removed by apoptosis; and the four major cell types that
comprise each ommatidium differentiate and produce their specialized features (pigment
granules, rhabdomeres, lens material, etc.). Of these events, sorting of the interommatidial
lattice seems best suited to influence ommatidial orientation. While cell death is likely the
major contributor to this sorting event, recruitment of the primary pigment cells could play a
minor role since this process effectively removes (and organizes) two cells per ommatidium
from the interommatidial lattice (Wolff and Ready, 1991a). In fact, by 30 hours of pupal life
(20°), at which point the primary pigment cells have been recruited and have fully enwrapped
the cone cells to establish at least one of their two contacts, the cone cells are clearly more
organized, reflecting an increased state of order in the underlying photoreceptors (see Fig. 20
in (Wolff and Ready, 1993)).

To test for a role for cell death in ommatidial alignment, we examined eyes from flies that
express the baculovirus anti-apoptotic protein, P35 (Hay et al., 1994), to see if P35 eyes undergo
a similar correction of the standard deviation as described for wild type (+/-9 to +/-4, discussed
above). P35 expression in the eye blocks cell death, resulting in an eye with excess secondary
and tertiary pigment cells (Hay et al., 1994). Adult P35 eyes exhibit orientation defects,
including those that fall below 90° as well as those that surpass 90° (91° +/- 12). The standard
deviation at row 15 in P35 eye discs is +/-13 (Fig. 7F, Fig. 3). Although the standard deviation
in P35 eye discs in row 15 is greater than the wild-type equivalent, the failure to improve (i.e.
decrease) the standard deviation between larval and adult life in P35 eyes suggests the removal
of extra cells contributes to the resolution of the cellular network into its widely recognized
honeycomb lattice.

This transgene also has a modest effect on rotation in that initiation is delayed by one row. The
effect may simply be a non-specific consequence of overexpressing a protein in the eye, as
sev>zip exhibits a similar phenotype. However, it is difficult to imagine that this slight delay
could disrupt ommatidial orientation to the extent seen in the adult eye.

Cell death genes modify the zip ommatidial orientation phenotype
The standard deviation for ommatidial orientation does not decrease between larval and adult
eyes in P35 eyes, a phenomenon that we propose is, at least in part, controlled by the selective
removal of cells via apoptosis. Similarly, the standard deviation for sev>zipDN does not change
between these two time points (Fig. 3, Table 1). Furthermore, we show that zip interacts with
members of the canonical Wnt signaling pathway, a pathway known to regulate cell death
(Ahmed et al., 1998;Cox et al., 2000;Freeman and Bienz, 2001). These observations raised the
possibility that zip may play a role in regulating cell death to adjust ommatidial alignment
independently of its effect on rotation. We therefore tested the deficiency line (Df (H99) kind
gift of R. Cagan) which uncovers three genes that promote cell death: grim, reaper (rpr) and
head involuted (hid) (Foley and Cooley, 1998), as well as a mutation in hid, for their ability to
modify the sev>zipDN phenotype. Indeed, both the deficiency and hid05014 suppress the
sev>zipDN phenotype (Fig. 7G, H; Table 1). One hypothesis that is supported by these data is
that zip plays a second, independent and post-rotation role in ommatidial rotation by
contributing to patterning the pigment cell lattice via cell death. As a first step in exploring this
possible role, we characterized the mid-pupal eye phenotype of loss-of-function alleles of
zip.
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The network of bristles and secondary and tertiary pigment cells is disrupted in partial loss of
zip function mutants. The complement and arrangement of cone cells and primary pigment
cells, on the other hand, is normal. In wild-type eyes, bristles and tertiary pigment cells occupy
alternate vertices, and each of these cells contacts three primary pigment cells (Fig. 8A). The
secondary pigment cells lie along each of the six faces of the hexagon and contact a bristle cell
at one end and a tertiary pigment cell at the other end. When zip function is decreased in
zipEbr/zip 02957 (Fig. 8B) or using the zipDN transgene driven by sev (Fig. 8C), multiple defects
are seen, including a failure to sort cells at vertices (Fig. 8B, C, single arrowheads), cells that
expand to occupy more than one niche (Fig. 8B, arrow: this bristle is situated roughly at the
vertex but also stretches out to occupy a position normally filled by a secondary pigment cell),
extra cells (Fig. 8B, double arrow), and missing cells (Fig. 8C, arrow). Whether the disruptions
in the pigment cell lattice are a direct consequence of a role for zip in regulating cell death or
an indirect consequence of earlier rotation defects, is unclear (see Discussion).

Finally, primary pigment cell boundaries often have scalloped edges and α-Arm staining is
frequently discontinuous, giving the impression that the adherens junctions are disintegrating;
in many cases, it looks as if cells have pulled away from each other (double arrowhead, Fig.
8B). While the scalloped morphology and discontinous α-Arm pattern both occur in wild type,
they are only seen in significantly younger eyes.

Discussion
The mechanisms that drive rotation and how their output translates into the sophisticated
morphogenetic movements that give rise to polarized epithelia are poorly understood. The
synchronized coordination of numerous systems likely comprises the driving force, or “motor,”
for rotation. The force could be a consequence of coordinated changes in cell adhesion between
appropriate subsets of cells. Indeed, such a model has been proposed by Mlodzik, in which
they demonstrate roles for DE-Cadherin and DN-Cadherin in ommatidial rotation (Mirkovic
and Mlodzik, 2006). Alternatively, the force to move the cells past one another could be actino-
myosin-based, as occurs in CE (Bertet et al., 2004). The output of the force may in turn, drive
the remodeling of adherens junctions to move cells past one another, as theorized for CE
(Bertet et al., 2004). The force could be more of a pulling force, for example, by filopodia, in
which microtubules slide past one another to pull one set of cells, the photoreceptors (and later
cone cells), past a second set, the undifferentiated cells. In conjunction with force generation,
it is expected that intercellular contacts between the two subsets of cells would be remodeled
to enable ommatidial precursors to rotate within the retinal primordium without disrupting the
integrity and overall shape of the epithelium. All systems and molecules involved in junctional
remodeling should therefore also be considered components of the motor for rotation.

Several observations reported here indicate that Zip contributes to the regulation of rotation.
Misexpression of both wild-type zip and a dominant negative form of zip, which effectively
knocks down Zip function, as well as loss-of-function zip, interfere with normal rotation. The
mechanical forces generated by Zip regulate dorsal closure, cell locomotion and morphogenetic
movements (Young et al., 1993) and they modulate the changes in cell-cell junctions that drive
the cellular movements underlying CE (Bertet et al., 2004). It is unclear what role Zip is
fulfilling within the apical domain of rotating ommatidia, but several possibilities, based on
the identified functions for non-muscle myosin in diverse developmental events, are proposed.
Non-muscle myosin transports molecules to asymmetrically localize them within cells (Barros
et al., 2003; Huang et al., 2003; Jin et al., 2001). Zip could function in this capacity in the
Drosophila eye to direct relevant molecules, for example tissue polarity or adhesion molecules,
to appropriate regions within the cell. In other events, Zip produces the force for apical
constriction (Dietz et al., 2006), so conceivably, a directed cell shape change in a group of cells
could produce the rotational force. However, this model is unlikely given that the changes in
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cell shape during rotation are minimal and intuitively seem insufficient to account for the vast
distance the ommatidia move. Finally, Zip may act in the same capacity as it does in CE. In
CE, Zip is proposed to drive the remodeling of adherens junctions by generating local forces
at cell boundaries, thereby pulling opposing cells together (Zallen and Wieschaus, 2004). While
there are differences between CE and rotation, polarized morphogenesis underlies both events
and parallel mechanisms could regulate both processes. In rotation, Zip may create local forces
in rotating cells or in rotating vs. non-rotating cells as a means of remodeling the adherens
junctions, ultimately pulling dynamic cells past their stationary neighbors.

We favor a model in which rotation represents a modified form of CE given 1) the similarities
in the polarized cell movements between CE and rotation, and 2) there are overlapping genes
required in both processes. In this model, we propose that Zip generates a force within moving
cells to move them past stationary cells during ommatidial rotation. This model is modified to
account for the fact that whereas all cells move in CE, only a subset of cells moves in rotation.
Furthermore, to accommodate eye development, the force would have to be unidirectional and
that direction of force would be opposite in the dorsal and ventral halves of the eye, with the
direction likely being controlled by the tissue polarity complex. We propose that Zip, likely
through its interactions with the dense accumulations of actin that appear at the onset of
rotation, is essential for movement. The observations reported here are consistent with this
model in that actin and Zip materialize coincident with rotation and they do so only in moving
cells.

zip mutants exhibit a significant patterning defect in mid-pupal eyes, but the precise role for
zip following the completion of rotation is unclear. Cell fates in the eye are determined based
on contacts with adjacent cells. During pupal eye development, undifferentiated
interommatidial cells are directed to differentiate or die, depending on the set of contacts they
establish with their neighbors. By row 15 of sev>zipDN eye discs, many ommatidial precursors
are significantly off-axis in their alignment, a phenotype that does not get corrected during
later stages of development (standard deviation: +/- 20). The ommatidial core on which future
cell sorting is based is consequently disorganized, precluding the ability to achieve the
appropriate contacts to order the interommatidial network of cells. By virtue of its rotation
phenotype, zip therefore indirectly affects cell death.

The aberrant patterning and resulting aberrant cell death may also account for the over-rotated
ommatidia in zip mutants. If the local environment of an ommatidium is relatively abnormal,
then the shifting that occurs as cell death removes cells could exacerbate the phenotype, causing
some ommatidia to move past 90°.

In addition to this predicted, indirect effect on cell death, the genetic data presented here suggest
that zip could also act with canonical Wnt signaling to regulate ommatidial orientation:
members of the canonical Wnt signaling pathway (fzKD4A, arm8 and dsh3), which promotes
apoptosis in the eye during pupal life (Ahmed et al., 1998; Ahmed et al., 2002; Brunner et al.,
1999; Freeman and Bienz, 2001), enhance the zip phenotype. Future work should provide an
understanding of the link and nature of the interactions between zip, canonical signaling and
cell death genes.
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Figure 1. The Drosophila eye is a polarized epithelium
(A) Scanning electron micrograph of a Drosophila compound eye. A tangential demi-section
reveals the underlying cellular morphology of the eye. The rhabdomeres, or light-sensitive
organelles of the photoreceptors, form chiral trapezoids that are shown schematically in blue
(dorsally-oriented trapezoids) and red (ventrally-oriented trapezoids). The trapezoids are
oriented perpendicular to the equator, the line of mirror symmetry that divides the eye into
dorsal and ventral halves (yellow line). Arrow highlights ommatidia separated by 4°. (B) Apical
surface of a third instar eye imaginal disc immunostained with α-Arm and pseudocolored to
highlight the morphogenetic furrow (green), arcs (orange), photoreceptors R8, R2, R5, R1, R7
and R6 (orange), and R3 and R4 (blue). The direction of rotation is indicated by blue arrows.
The interface between rotating cells could reside between undifferentiated, interommatidial
cells (white and green asterisks) or between rotating photoreceptors (red dots) and stationary
undifferentiated cells (yellow asterisks). (C-J) Video lucida drawings of a maturational time
line of ommatidial precursors. See text for details. Numbers in lower left hand corners indicate
row number. M1, M2: mystery cells; 1-8: photoreceptor cells; a.c. anterior cone cell; p.c.
posterior cone cell; pol.c.: polar cone cell; eq.c.: equatorial cone cell. Anterior to the right.
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Figure 2. zip exhibits an orientation phenotype
Clones of the null allele zip1 (A) and hypomorphic transheterozygous flies (zipEbr/zip02957)
(B) exhibit rotation errors. In (A), shaded area denotes regions of phenotypically mutant tissue,
presumably a consequence of loss of zip mutant cells since no w- photoreceptors can be
identified. Misexpression of zip (C) and zipDN (D) under the sev promoter results in defects in
ommatidial rotation. To demonstrate the efficacy of the sev>zipDN transgene, zip dosage was
decreased (E) or increased (F) in a sev>zipDN background. Decreasing zip dosage using
zip02957 enhances the sev>zipDN phenotype (E) whereas increasing zip dosage using a second
copy of the UAS>zip transgene suppresses the sev>zipDN phenotype. M, missing
photoreceptors; E, extra photoreceptors; blue trapezoids: dorsal ommatidia; red trapezoids:
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ventral ommatidia; green trapezoids: under-rotated ommatidia; orange trapezoids: over-rotated
ommatidia.
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Figure 3. zip regulates the rate of ommatidial rotation
Wild-type rotation begins at row 4 and is effectively complete by row 15 (black). Decreasing
zip function using the sev and GMR promoters to drive zipDN slows the rate of rotation
(sev>zipDN, green, and GMR>zipDN, orange). Misexpressing wild-type zip in a subset of cells
also disrupts the rate of rotation (sev>zip, red). Misexpressing P35 under the GMR promoter
delays rotation in a pattern similar to sev>zip (purple). Wild-type is statistically different from:
sev>zip in rows 6-8 and 11-12 (t-test, p<.001); sev>zipDN in rows 6 and 9-15 (t-test, p<.001);
GMR>zipDN in rows 5-15 (t-test, p<.001); GMR>P35 in rows 5-14 (t-test, p<.001).
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Figure 4. The interface for rotation resides between the photoreceptors/cone cells and
undifferentiated cells
(A) and (B): Two models illustrating potential interfaces between rotating cells. In (A) like-
colored cells are linked together and move as a group so the interface is at the purple/orange
border. In (B), undifferentiated cells do not rotate with differentiated cells. The interface
between rotating and stationary cells is between the colored and uncolored cells. (C) Average
angle of orientation by developmental stage. Each “stick diagram” corresponds to the
ommatidial form that lies directly above or below the diagram. In the diagrams, the center line
indicates the average angle, red shading highlights standard deviation, and outermost lines
indicate minimum (lower line) and maximum (higher line) degree of rotation seen for each
developmental stage indicated. (D) and (E): Schematic representation of relative likelihood of
anterior and posterior cone cells being recruited from the BUdR-labeled pool of cells. Green-
colored gradient represents probability of a cell being labeled with BUdR. In both panels, two
ommatidial precursors are shown, one anterior to and the second posterior to, the BUdR-labeled
band. Darker cells are more likely to be labeled since they lie closer to this band. Numbers
identify cells that will become anterior and posterior cone cells. In (D), cells are recruited prior
to rotation (as modeled in Fig. 4B), so cells numbered 1 through 4, which have equivalent
levels of shading, share equal probabilities of being labeled. When examined as pupal eyes,
equal numbers of labeled anterior and posterior cells are predicted. In (E), cells are recruited
after rotation begins (as modeled in Fig. 4C). Consequently, two cells are recruited from the
pool that is more likely to be labeled (6,7, dark green) whereas the other two cells are recruited
from the pool that is less likely to be labeled (5,8, pale green). When examined as pupal eyes,
the number of labeled anterior and posterior cells is predicted to be disproportionate. See text
for details. Anterior is to the right for all panels.
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Figure 5. Positions and fates adopted by cells in second mitotic wave
Each of the three schematics represents an independent eye. Black cells denote cells in S phase
at the time a pulse of BUdR was administered. Whereas the anterior and posterior cone cells
rotate with the photoreceptors, the future pigment cells - the undifferentiated, interommatidial
cells of the third instar - retain their positions (i.e. they do not rotate with the photoreceptors).
The interface between rotating and non-rotating cells therefore lies between the photoreceptors/
cone cells and the interommatidial cells. See text for details and inset for cell types. 1-6:
photoreceptor cells; B: bristle; 1°, 2° and 3°: primary, secondary and tertiary pigment cells,
respectively; Po: polar cone cell; Eq: equatorial cone cell; A: anterior cone cell; P: posterior
cone cell. Arrows denote the position of the equator. Anterior is to the right.
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Figure 6. Zip localizes strongly to differentiating cells
(A-F) Third larval instar eye disc stained with α-Arm (green), α-Zip (red), and phalloidin (blue).
Co-localization of Zip (A’-F’) and actin (A”-F”) is evident in ommatidia before (arrowhead,
A-A”) and during (arrow, A-A”) rotation. Close-ups of ommatidia (B-F) show dynamic co-
localization of both actin and Zip. Accumulations are seen at the interface between ommatidial
and undifferentiated cells (arrowheads C’, C”, E’, E”) and in the cytoplasm of rotating
photoreceptors (arrows, E’ and E”). Anterior is to the right.
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Figure 7. sev>zipDN interacts with canonical Wnt signaling and cell death genes
sev>zipDN is dominantly suppressed by dsh1 (A), but no interaction is seen with the tissue
polarity gene stbm6cn (B). However sev>zipDN is enhanced by fzKD4A (C) and dsh3 (D)
(compare to figure 2D). An allele of arm (arm8) (E) specific for canonical Wnt signaling also
enhances sev>zipDN. GMR>P35 (F) produces an ommatidial orientation phenotype, and a
deficiency that removes grim, rpr, hid (Df (H99)) (G) and hid05014 (H) suppress sev>zipDN.
M, missing photoreceptors; E, extra photoreceptors; blue trapezoids: dorsal ommatidia; red
trapezoids: ventral ommatidia; green trapezoids: under-rotated ommatidia; orange trapezoids:
over-rotated ommatidia.
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Figure 8. The interommatidial lattice is disrupted when Zip function is compromised
(A) Wild-type mid-pupal eye stained with α-Arm. The interommatidial lattice in wild-type
eyes is virtually error-free. 1°, 2°, 3°: primary, secondary, and tertiary pigment cells,
respectively; cc: cone cells. Bristles cells appear as white circles in these preparations. zipEbr/
zip02957 (B) and sev>zipDN (C) mid-pupal eyes stained with α -Arm. Multiple patterning
defects arise when Zip function is decreased. See text for details.
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Table 1
Average angle of orientation in adult eyes.

Genotype Angle of orientation (+/- SD) N

w1118 92 (+/- 4) 11
zipEbr/zip02957 99 (+/- 17) 8
sev>Gal4/sev>Gal4;UAS>zip 95 (+/- 27) 8
sev>Gal4;UAS>zipDN 85 (+/- 20) 8
GMR>P35 91 (+/- 12) 8

sev>Gal4;UAS>zipDN /*
zip02957 89 (+/- 28) † 6
UAS>zip 88 (+/- 15) † 5
Drok2 82 (+/- 23) † 8
fmiE59 85 (+/- 21) 6
strabismus6cn 86 (+/- 21) 12
pricklesple 87 (+/- 18) 8
dishevelled1 88 (+/- 15) † 5
dishevelled3 91 (+/- 25) ‡ 8
frizzledKD4A 79 (+/- 34) ‡ 10
armadillo8 78 (+/- 37) ‡ 7
hid05014 87 (+/- 14) 6
Df(3L) H99 90 (+/- 11) ‡ 8

N = number of eyes scored.

Statistical significance measured by Student’s t-test

†
p-value < .01

‡
p-value < .001
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Table 2
Proportion of cell types labled with BUdR anterior and posterior to the labled pool of cells.

Cell type Row anterior to labeled pool Row posterior to labeled pool

Photoreceptors (R1, R6, R7) 72% 9%
Polar cone cell 7% 40%
Equatorial cone cell 48% 20%
Anterior cone cell 20% 50%
Posterior cone cell 60% 20%

Percents represent percentage of cells labeled with BUdR
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