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clusters are normally born with anteroposterior polarity (as a
result of the furrow moving in a defined direction), this model
can be simplified to postulate only the existence of a system
of positional information on the dorsoventral axis (Tomlinson,
1988; Baker and Rubin, 1992; Ma and Moses, 1995). A pre-
diction of this model would be that the position of the equator
is fixed relative to the global coordinates of the disc. Alterna-
tively, ina‘self-organising’ model, ommatidial clusterswould
determine their polarity by communicating with each other,
for instance in a manner that might be considered to be
analogous to crystallisation around a single nucleation centre
(Gubb, 1993). Such a nucleation centre would be provided by
an initial asymmetry, from which pattern would then
propagate outwards. Traditionally, modelsinvoking positional
information have been favoured. For instance, classic grafting
experiments on the retina of the insect Oncopeltus suggested
that at least anteroposterior ommatidial polarity was deter-
mined by a gradient of positional information in the eye-disc
epithelium (Lawrence and Shelton, 1975).

In this study, we use mutations that induce ectopic mor-
phogenetic furrows and neuronal differentiation to investi-
gate the establishment of ommatidial polarity, and to test the
predictions of these models. Our resultsindicate that the final
polarity of ommatidia in the adult eye is dependent both
upon the direction of furrow progression and upon the ability
of ommatidial units to organise themselves independently to
form an equator. We find no evidence for the involvement
of a global positional information system in directly deter-
mining the polarity of ommatidia or the position of the
equator.

MATERIALS AND METHODS

Fly strains and generation of clones

The pka-C1 alele used was the lethal P-insertion pka-C1!(201272
(Lepage et al., 1995; Strutt et al., 1995). The ptc allele used was
ptcP®29 a lethal P-insertion identified in this laboratory, which
behaves asa strong allele by al criteriatested and has been confirmed
to carry no other mutations on the chromosome by reversion analysis
(D. S. and M. M., unpublished data). Disc clones of pka-C1!(201272
and ptc9/2%were marked using arm-lacZ reportersinserted at 28A and
51A, respectively (Vincent et al., 1994). dpp expression was
monitored using an insertion of the BS3.0 dpp-lacZ reporter gene on
the third chromosome (Blackman et al., 1991). The svp!(3)7842
enhancer trap allele was used to reveal svp expression (Mlodzik et al.,
1990).

Clones were generated using the FLP/FRT system (Xu and Rubin,
1993). For adult clones, larvae of genotypew hsFL P1; pka-C1!(201272
Pry+; hs-neo; FRT]40A / P[mini-w+; hsTtM]21C, 36F, P[ry+; hs-
neo; FRT]40A or w hsFLP1; P[ry+; hs-neo; FRT]43D, ptc%/29 /
P[ry+; hs-neo; FRT]43D were heat-shocked at 38°C for 120 minutes
at 24-48 hours after egg-laying; clones were identified by the altered
dosage of the white mini-genes carried by the P[mini-w+; hs-mtM] or
the ptc98/29 P-element insertions. For clones in discs marked by lack
of arm-lacZ expression and carrying the svp enhancer trap, larvae of
genotypew hsFLP1; pka-C1(201272 P[ry+; hs-neo; FRT]40A / Plw+;
arm-1acZ]28A, P[ry+; hs-neo; FRT]40A; svp'(®7842 / + or w hsFLP1;
P[ry+; hs-neo; FRT]43D, ptc%/29 / Plry+; hs-neo; FRT]43D, Plw+;
arm-lacZ]51A; svp'(®7842 | + were used. Hh misexpression was
carried out using flies of genotypey hsFLP1; P[ry+, Tub>y+>hh] / +
(Basler and Struhl, 1994), again heat-shocking for 120 minutesin the
first instar stage.

Histology
Antibody stainings of eyeimaginal discs were carried out by standard
methods (Tomlinson and Ready, 1987). 3-gal actosidase staining and
immunohistochemical double staining was as previously described
(Strutt et al., 1995). Elav was detected using a rat monoclonal
antibody (gift of G. Rubin), and [3-galactosidase was detected using
either amouse monoclonal antibody (Promega) or arabbit polyclonal
antibody (Cappell). Secondary antibodies conjugated to peroxidase,
FITC or Texas Red were used.

Standard histological methods were used for sections of adult eyes
(Tomlinson and Ready, 1987).

RESULTS

hh pathway mutations in the eye disc induce ectopic
morphogenetic furrows

Morphogenetic furrow progression is regulated by the
hedgehog (hh) signalling pathway (Heberlein et al., 1993; Ma
et al., 1993). Recently it has been shown that either misex-
pression of Hh protein or loss-of-function mutations in the
catalytic subunit of cAMP-dependent protein kinase A (pka-
C1, another component of the pathway) can induce ectopic
expression of the TGF-3 homologue decapentaplegic (dpp)
and ectopic morphogenetic furrows anteriorly to the endogen-
ousfurrow (Heberlein et a., 1995; Pan and Rubin, 1995; Strutt
et a., 1995).

The segment-polarity gene patched (ptc) (Nisslein-Volhard
and Wieschaus, 1980) is aso involved in the hh signalling
pathway in the embryo, wing and leg imaginal discs. ptc
encodes a multipass transmembrane protein, that acts down-
stream of hh, and has been proposed as a possible candidate
for the Hh receptor (Hooper and Scott, 1989; Nakano et al.,
1989; Ingham et a., 1991). In the anterior compartment of the
wing disc, ectopic dpp expression can be induced by either
ectopic Hh expression (Basler and Struhl, 1994), loss-of-
function pka-C1 mutations (Jiang and Struhl, 1995; Lepage et
al., 1995; Li et d., 1995; Pan and Rubin, 1995), or loss-of-
function ptc mutations (Capdevila et a., 1994).

Given the similarity of thepka-C1 and ptc mutant phenotypes
in the wing disc, it seemed likely that ptc clonesin the eye disc
would also be capable of inducing ectopic morphogenetic
furrows, associated with ectopic dpp expression and neuronal
differentiation. This is indeed the case: in discs in which
homozygous mutant ptc clones have been induced, ectopic dpp
expression is seen anterior to the advancing furrow (Fig. 2A).
Close to the furrow itself, ectopic ommatidia clusters can be
seen surrounded by ectopic dpp expression (Fig. 2B). Thus as
for pka-C1 mutant clones, ptc clones are capable of inducing
ectopic photoreceptor differentiation and an associated outward
moving morphogenetic wave. Again, as for pka-C1, there is a
limited region in the zone anterior to the moving furrow that is
able to sustain such ectopic differentiation, which we refer to
as the ‘zone of competence’ (Strutt et al., 1995).

The ability to induce ectopic morphogenetic furrows
provides a powerful tool for investigating the relationship
between furrow progression and the establishment of pattern
and polarity in the eye disc. We have used Hh misexpression,
and loss-of-function clones of pka-C1 and ptc to analyse the
rotational behaviour of ommatidia clusters born from mor-
phogenetic furrows that are not moving in the anteroposterior
axis.
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Fig. 1. The arrangement of
ommatidia unitsin the wild-type
eye. Anterior isto the left and dorsal
isup, inthisand in al subsequent
figures. (A) An eye disc from amid-
third instar stage larva. The position
of the morphogenetic furrow asit
progresses from posterior to anterior
isrevealed by expression of adpp-
lacZ reporter gene (blue). Behind the
furrow, the arrangement of the
assembling ommatidial clustersis
revealed by expression of the
neuronal specific antigen Elav
(brown). The equator is visible as the
axis of symmetry running along the
dorsoventral midline (dotted line).
(B) Confocal image of the equatorial
region of an eye disc, stained for
expression of a svp-lacZ enhancer
trap (red). Expression isinitialy seen
at highest levelsin photoreceptor
neurones R3 and R4, and then later at
lower levelsin R1 and R6 (Mlodzik
et al., 1990). In row 4, when
expression isfirst seen, clusters are
only negligibly rotated from their
original axis of symmetry along the
anteroposterior axis. By row 6,
clusters are rotated 45 degrees
towards the equator (dotted line).
(C) Schematic drawing of an eye disc, illustrating the rotational events that occur during third instar larval life. When ommatidial clusters
emerge from the furrow, their axis of symmetry isin the anteroposterior axis (grey arrows), and they point backwards (if the first photoreceptor
to mature, R8, is defined asinitially lying at the apex of the cluster). By row 6, clusters have rotated 45 degrees towards the equator (black
arrows indicate clockwise rotating clusters, red arrows anticlockwise), and maintain this orientation for about 10 rows, before rotating a further
45 degrees. Thusthey finally lie 90 degrees from their original axis, pointing towards the equator. During rotation, the ommatidia acquire
asymmetries, leading to the establishment on each side of the equator of opposite chiral forms (i.e. forms that no longer share rotational
symmetry, indicated by tails on arrows). This arrangement is then maintained throughout pupal and adult life. (D) Section of an adult eye (l€ft)
at the R7 level and schematic drawing (right), showing ommatidia arrangement around the equator (yellow line in left panel, green linein
right). Note that ommatidia are al facing towards the equator, and that opposite chiral forms (which do not share rotational symmetry) are
present on each side (represented by black arrows for dorsal identity and red arrows for ventral identity). (E) Magnifications of single R7-level
and R8-level ommatidia, illustrating relationship of arrows used in schematic drawings to actual photoreceptor arrangement. Numbering
indicates identity of individual photoreceptors.

Fig. 2. Homozygous mutant ptc clones induce ectopic
morphogenetic furrows. Third instar eye discs are shown in which
unmarked ptc clones have been induced (see Figs 3-6 for marked
clones). Ommatidial clusters are revealed by staining for the Elav
nuclear antigen (brown), whilst dpp expression (normally in the
furrow) isrevealed by blue staining. (A) Disc showing ectopic dpp
expression well anterior of the advancing furrow, and thus outside
the ‘zone of competence’ in which ectopic morphogenetic furrow
progression can occur (see text). (B) Disc showing ectopic dpp
expression and differentiation of ommatidial clustersin the zone of
competence anterior to the advancing endogenous furrow. In an
example such as this, ectopic dpp expression would initially have
been in aring moving outwards from the clusters of ectopic
photoreceptors, before merging with the advancing furrow. The
behaviour of ptc clones thus observed isidentical to the phenotypes
of Hh misexpression and pka-C1 loss-of-function clones (Heberlein
et al., 1995; Pan and Rubin, 1995; Strutt et al., 1995).
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Fig. 3. Thedirection of furrow progression
determinesinitial ommatidial polarity. (A) Disc
containing an ectopic furrow produced by induction
of aptc clone. Photoreceptors in the ommatidial
clusters are stained brown, dpp expression in the
furrow is blue. At the top of the panel, the
endogenous furrow can be seen, progressing
posterior to anterior. Thisis merged with a curved
ectopic furrow. Emerging photoreceptor clusters
have an axis of symmetry which is coincident with
the direction of furrow progression. (B) Confocal
image of adisc containing a ptc clone just merging
with the endogenous furrow. The clone is marked by
lack of cytoplasmic arm-lacZ staining (red). svp-
lacZ nuclear staining (red) is superimposed with
Elav nuclear staining (green). Ommatidia clusters
which have arisen de novo inside the clone have
random orientation. (C) Section of an adult eye
containing a ptc clone (left) and schematic drawing
(right). Clone is marked by increased levels of
pigment (Ieft) or grey shading (right). Arrowsin
schematic drawing are asin Fig. 1, circlesindicate
incomplete ommatidia which could not be scored.
Within the clone, randomly oriented ommatidia of
both chiral forms are observed. At the edges of the
clone and outside, greater order is observed, but both
chiral forms are nevertheless present.

Fig. 4. Organisation of ommatidial pattern around a ptc clonein the disc. Upper
panel shows a confocal image of a ptc clone marked by lack of cytoplasmic
arm-lacZ staining (red). svp-lacZ nuclear staining in a subset of photoreceptors
(red) is superimposed with Elav in al photoreceptors (green). The sensitivity of
the nuclear svp-lacZ staining is somewhat reduced by being used in atriple label
with cytoplasmic arm-lacZ and Elav: thus strong svp staining isonly seenin
clusters mature enough to have completed the first 45 degree turn (compare Fig.
1B). Lower panel is a schematic drawing, with clone shown by grey shading.
Inset indicates position of clonein disc. Arrows are asin Fig. 1, with their
colour indicating deduced direction of rotation. Circles mark clusters outside the
clone which could not be scored. Within the posterior part of the clone,
ommatidial orientation appears random, but many clusters are incompl ete or
have distorted shape, which makes precise scoring difficult. The cloneis
sufficiently elongated in the anteroposterior axis, that differentiation in the
anterior part (i.e. furthest from the zone of competence) is occurring as aresult
of an anteriorly moving furrow, rather than de novo. A number of clusters on the
dorsal edge are unrotated or only neglibly rotated (grey arrowsin lower panel),
compared to more mature neighbours. More dorsally, ventrally and anteriorly,
fields of ommatidia are seen which have rotated in opposite directions. In some
cases, field of oppositely rotated ommatidia are opposed, providing the first
evidence of equator formation (yellow linesin upper, green in lower).






