The Iroquois homeodomain proteins are
required to specity body wall identity

in Drosophila
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The Iroquois complex (Iro-C) homeodomain proteins allow cells at the proximal part of the Drosophila
imaginal wing disc to form mesothoracic body wall (notum). Cells lacking these proteins form wing hinge
structures instead (tegula and axillary sclerites). Moreover, the mutant cells impose on neighboring wild-type
cells more distal developmental fates, like lateral notum or wing hinge. These findings support a tergal
phylogenetic origin for the most proximal part of the wing and provide evidence for a novel pattern organizing
center at the border between the apposed notum (Iro-C-expressing) and hinge (Iro-C-nonexpressing) cells. This

border is not a cell lineage restriction boundary.
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Much is known of the genes and genetic interactions
that govern appendage formation in insects and verte-
brates (Blair 1995; Brook et al. 1996; Irvine and Vogt
1997; Shubin et al. 1997; Carroll 1998; Schwabe et al.
1998). In Drosophila, selector homeotic genes define
large territories (compartments) of the imaginal wing
disc, the epithelium that gives rise to the mesothoracic
body wall and wing. Thus, engrailed (en) subdivides the
disc into anterior (A) and posterior (P) compartments,
and apterous (ap) into dorsal (D) and ventral (V) ones, by
being expressed, respectively, in the P and D compart-
ments. Compartments are delimited by cell-lineage re-
striction boundaries (Garcia-Bellido et al. 1976). Interac-
tions between apposed cells of different compartments,
mediated by the signaling molecules Hedgehog (A/P
boundary), and Serrate and Delta (D/V boundary) give
rise, respectively, to gradients of BMP/Decapentaplegic
(Dpp) and Wnt/Wingless (Wg), which appear to organize
growth and patterning of the wing (Lecuit et al. 1996;
Nellen et al. 1996; Zecca et al. 1996; Neumann and Co-
hen 1997). This needs the participation of vestigial (vg),
a gene that specifies wing fate (Kim et al. 1996). Al-
though compartments have not been found in verte-
brates, homologous molecules and similar genetic hier-
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archies control vertebrate limb development (Blair 1995;
Brook et al. 1996; Irvine and Vogt 1997; Shubin et al.
1997; Carroll 1998; Schwabe et al. 1998).

In contrast, much less is known of the genes and sig-
nals that specify Drosophila body wall development. In
the case of the mesothoracic body wall, ap, which is
expressed in most of the notum anlage, is largely dis-
pensable for notum development (Cohen et al. 1992) and
wg seems only necessary for the generation of late pat-
tern elements like some bristles (Phillips and Whittle
1993). Genes such as extradenticle (exd), vein, or pannier
are important for notum development (Ramain et al.
1993; Gonzélez-Crespo and Morata 1995; Simcox et al.
1996), but they do not appear to specify a notum fate. In
contrast, the genes of the Iroquois complex (Iro-C) arau-
can |(ara), caupolican (caup), and mirror (mirr), which
encode highly related homeodomain proteins that are
members of the prepattern that controls proneural and
provein genes (Gomez-Skarmeta et al. 1996; McNeill et
al. 1997), are candidates to perform a basic function in
the formation of the notum. Their earliest expression in
the wing disc is restricted to the notum territory, and
their absence in clones of cells induces malformations in
the notum but only relatively minor defects in the pat-
terning of the wing (Gémez-Skarmeta et al. 1996; Leyns
et al. 1996). Here we show that the Iro-C genes are nec-
essary for notum specification, as their absence trans-
forms notum cells into hinge cells. Moreover, similarly
to ap and en in the wing (Blair 1995; Brook et al. 1996;
Irvine and Vogt 1997; Carroll 1998), the Iro-C genes es-
tablish a signaling system that appears to organize de-
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velopment in the notum and the dorsal wing hinge ter-
ritories. (In this paper we refer to the hinge in a strict
sense (Bryant 1978), meaning the part of the wing articu-
lation characterized by the presence of the tegula and
sclerites.)

Results and Discussion

At the notum, clones of cells homozygous for the Iro-C
deletions Df(3L)iroP™7 or Df(3L)iroP*™3 and induced
during the first and second larval instars were always
associated with extensive malformations. The notum
cuticle was replaced by a mostly naked, corrugated cu-
ticle with sclerotized structures. In 52 of 116 cases
[Df(3L)iroP"™2 clones|, these structures were clearly
identifiable as components of an ectopic wing hinge, for
example, axillary sclerites (Fig. 1A,E) and tegula-like cu-
ticle, with characteristic bristles and sensilla trichoidea
and campaniformia (Fig. 1B,E). The multiple wing hairs
(mwh) marker indicated that these sensilla arose within
homozygous mutant tissue (Fig. 1B). However, the mwh
and forked (f) markers, which affect trichomes and/or
bristles, were uninformative (Lindsley and Zimm 1992)
for the other ectopic structures and for the nonstructured
corrugated cuticle (as they lack cuticular processes) and,
consequently, the extent of homozygous mutant tissue
within the malformations could not be determined.
Forty three of the 52 malformations affected the lateral
notum. The ectopic axillary sclerites were always ar-
ranged in a mirror-image disposition with respect to the
extant ones (Fig. 1E). Malformations at more medial re-
gions of the notum, which did not affect the lateral no-
tum, most frequently contained disorganized groups of
tegula-like sensila trichoidea and campaniformia (7 of
the 52 malformations; data not shown) and, in 2 cases,
almost complete ectopic tegulae (Fig. 1C,D). Malforma-
tions reaching the central-most regions of the notum
caused defects in the fusion of heminota, which were
separated by an undefined cuticle (not shown). Clones
not associated with malformations appeared in flies ir-
radiated 96-120 hr after egg laying (AEL). They devel-
oped normally in the central notum or induced invagi-
nating cuticle vesicles in the lateral regions (not shown).
Altogether, these results demonstrate an early require-
ment of the Iro-C for notum specification, as its absence
changes the fate of its cells to wing hinge or impedes
their terminal differentiation.

In the wild-type third instar wing disc, the notum and
the wing hinge territories are separated by a fold in the
epithelium (Figs. 2A and 3A,B; Bryant 1978). Remark-
ably, Iro-C™ clones within the notum territory induced a
similar fold around themselves (Fig. 2A). Moreover, ap-
propriately positioned clones rerouted the notum-hinge
fold, and this became continuous with the clone-induced
fold (Fig. 2D-F). In contrast, the border of clones contact-
ing hinge cells did not form a fold and had normal, wig-
gly outlines (Fig. 2E).

To ascertain that the phenotypes associated with the
Iro-C deficiencies were caused by the absence of the ho-
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Figure 1. Phenotypes associated with Df(3L)iro cell
clones. (A) Notum with a malformation caused by mwh
Df(3L)iroPM3 cells (*). In the Df(3L)iroP*M3/ + territory, the dor-
socentral and scutellar macrochactae (arrows) are absent, which
suggests an interference of the mutant clone with the patterning
of the wild-type tissue. This nonautonomous effect was ob-
served in 72 of 84 clones examined. (B) Ectopic group of sensilla
trichoidea (one of them arrowed), similar to those of the tegula
(tg in E), within mwh Df(3L)iro”"™? territory. (C) Ectopic tegula
structure (arrowed) arising on the anterior notum. (D) Same
tegula structure shown after mounting the cuticle and at higher
magnification. Only the tissue to the left of the dotted line is
mwh Df(3L)iroP*™3. (E) Cuticle of a malformation similar to
that in A. The solid line runs along the approximate axis of
symmetry that separates wild type (right) from duplicated, ec-
topic hinge structures (left). (tg, tg') Tegula and tegula-like cu-
ticle with ectopic sensilla trichoidea. (Arrowheads) Wild-type
and ectopic first axillary sclerites; (arrows) extant and ectopic
second axillary sclerites.

meodomain Iro proteins, and not by the removal of other
transcription units included in the deficiencies (see Ma-
terials and Methods), Df(3L)iro”"™? clones were induced
in a background overexpressing the Ara protein [UAS-
ara transgene (Gomez-Skarmeta et al. 1996) driven in the
dorsal compartment of the disc by ap—~GAL4 (Calleja et
al. 1996)], and they were examined for a rescue of their
phenotype. Figure 2G shows that within the notum ter-
ritory these UAS—-ara-expressing, Iro-C~ clones no longer
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Figure 2. Cell clones lacking [Df(3L)iroP"™3; A, D-F] and over-
expressing (UAS—caup; C) Iro-C genes in late third instar wing
discs. All discs are oriented anterior to the left and ventral to the
top. (A) Mutant clone (*) delimited by an ectopic fold. The disc is
stained with anti-Caup antibody. Apparent staining within the
clone is due to flattening of the disc upon mounting. The arrow-
head points at the notum/hinge fold. (B) Disc overexpressing
UAS~caup driven by dpp-GAL4. An ectopic fold (arrowheads) ap-
pears on the side where cells with high levels of Caup abut cells
without the protein, i.e., the A/P compartment border. (C) Con-
focal section of a disc with clones of cells overexpressing UAS-
caup (anti-Caup antibody, red). Clones contact each other, their
cells are arranged in filaments separating large, roundish islands of
nonexpressing cells, and create ectopic folds (phalloidin staining,
green) that surround the nonexpressing cells. Folds were visible
with light transmission optics (not shown). (D-F) Confocal section
of a clone in the notum-hinge region that reroutes the normal fold
between these regions. The absence of anti-Myc antibody staining
(E) marks the homozygous Df(3L)iroP"™? cells. The clone border is
smooth along the fold (arrow) that separates it from notum cells
and wiggly in the wing hinge region (arrowhead). Phalloidin stain-
ing (F) shows the smooth continuity between the extant (arrow)
and ectopic (arrowhead) folds. (G) Clones (arrowed, absence of
anti-Myc antibody staining, red) of homozygous Df(3L)iroP3
cells in the notum region of a UAS-ara/ap-GAL4 disc. The ab-
sence of a fold surrounding these clones was evidenced by phal-
loidin (not shown) and Myc stainings (cf. with E) and transmission
optics. (H) Similar clones stained with anti-Sc antibody (green and
yellow). The presence of a clone did not disturb the extant Sc
proneural clusters (arrowheads). It should be pointed out that the
ubiquitous UAS-ara expression slightly modified the wild-type
pattern of sc proneural clusters in the notum (Campuzano and
Modolell 1992), but the clones did not modify it further. The UA-
S-ara expression did not prevent notum formation and bristle de-
velopment, as observed in pharate individuals (data not shown).
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Figure 3. Cell identity changes associated with Iro-C~ clones
in the presumptive notum. Clones are revealed by the absence
of Myc expression (red, C,D,I,]). (A,B) 1(2)09261/CyO disc
showing caup (red) and lacZ (green) expression. Within the pre-
sumptive notum, these expressions overlap only at the NP re-
gion (arrowhead). The arrow in A points to the notum/wing
hinge fold and at the plane of the z-axis confocal section shown
in B. In late third instar discs, cells expressing Caup can form up
to approximately half of the fold (B). The arrowhead marks the
bottom of the fold. (C-E) 1(2)09261/+; Df(3L)iroPf™! clone (*)
with ectopic expression of lacZ (green channel, cf. with A). lacZ
is also expressed in cells adjacent to the clone (arrow) and clos-
est to the NP region (arrowhead). (F,G) Notum region of a wild-
type disc and a disc bearing a Df(3L)iroP"™? clone (*) stained
with anti-Tsh antibody. Note the strong Tsh accumulation in
the lateral notum (arrowhead) and the derepression of tsh in
wild-type cells adjacent to the clone (arrow). (H) Notum region
of a wg-lacZ/CyO disc stained with anti 8-galactosidase (green)
and anti-Caup (red) antibodies. (I,]) wg-lacZ/+;Df(3L)iroP*?
clones (*) in discs stained with anti-p-galactosidase (green) and
anti-Myec (red) antibodies. wg—lacZ is not expressed within the
clones (I) and in part of the surrounding cells (], arrowhead, cf.
with H).



induced a fold around themselves and had normal, wig-
gly outlines consistent with their maintaining a notum
identity (16 of 16 large clones examined). This was the
case, as a characteristic marker of notum specification
such as the highly resolved pattern of expression of the
gene scute (sc) in proneural clusters (Campuzano and
Modolell 1992) was not affected within the clones (Fig.
2H). Moreover, clones of mirr®*$, a small deletion (1 kb)
of the mirr promoter that greatly reduces transcription of
this gene (McNeill et al. 1997), in the lateral notum also
induced malformations that contained ectopic hinge
structures (axillary sclerites and tegula-like sensilla; data
not shown). Taken together, these results indicate that a
reduction in the levels of Iro homeoproteins, which may
replace one another functionally (Gomez-Skarmeta et al.
1996), is responsible for the transformation from notum
to hinge fate observed in Iro-C~ cells.

This transformation was also manifest using wing disc
markers. The enhancer trap line 1(2)09261, a hinge and
wing marker that is expressed only weakly in the pro-
spective notum (Figs. 3A,B and 4C), was strongly dere-
pressed in notum Iro-C~ cells (Fig. 3C-E). teashirt (tsh), a
gene strongly expressed in the hinge and the lateral-most
part of the prospective notum, but weakly expressed in
the more central parts of the notum (Fig. 3F), was also
similarly derepressed in the centrally located clones (Fig.
3G). In contrast, vg, optomotor blind and nubbin (nub),
genes that are expressed primarily in the wing and mini-
mally or not expressed in the hinge (Fig. 4A,B; Williams
et al. 1991; Ng et al. 1995; Grimm and Pflugfelder 1996),
were not expressed in the notum clones (not shown),
consistent with the transformation of Iro-C~ cells toward
a wing hinge identity.

As the above results indicated that the Iro-C is neces-
sary for notum specification, we examined whether its
early ectopic expression imposed a notum fate on non-
notum cells. UAS-ara, driven in the dorsal compartment
by ap-GAL4 removed the dorsal hinge territory, as de-
fined by the expression of 1(2)09261 and the nonexpres-
sion of nub (Fig. 4C,D). The resulting pharate individuals
lacked all dorsal hinge elements (axillary sclerites and
tegula), had strongly reduced and distorted wings, but
ectopic notum structures were not discerned (not
shown). Similar adult phenotypes were observed with
UAS-caup or UAS-mirr transgenes (Gomez-Skarmeta et
al. 1996; McNeill et al. 1997), and phenotypes consistent
with these were also found by using drivers dpp®s&i—
GAL4 (Staehling-Hampton et al. 1994) or Gal4 line
C-765 (Gomez-Skarmeta et al. 1996). Simultaneous ex-
pression of UAS-mirr and either UAS-ara or UAS-caup
did not modify the results. Moreover, imaginal disc cells
strongly overexpressing UAS—caup at the wing pouch
still expressed vg or nub (not shown). These results in-
dicate that the Iro proteins cannot impose a notum fate
on every wing disc cell, although, if present, they prevent
the normal development of the wing hinge.

Iro-C~ cells affected the surrounding wild-type tissue.
Thus, mutant cells that differentiated as ectopic tegula
recruited wild-type cells to form part of this ectopic
structure (Fig. 1D). This evidenced a change of fate of the
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Figure 4. Spatial domains of expression of nub, 1(2)09261, and
ara-caup in late third instar discs. The main domains of expres-
sion of these genes are indicated in A, a transverse confocal
section of a neuralized-lacZ (A101) disc stained with phalloidin
(green) and anti-B-galactosidase antibody (red), which reveals
neural precursors. The approximate plane of the section is
shown in B. (Yellow dot) Position of the precursor of the giant
sensillum of the radius, as seen in a different section. Abbrevia-
tions for presumptive territories: (WB) Wing blade; (pW) proxi-
mal wing; (Hn) dorsal hinge; (N) notum. The extent of the dorsal
hinge territory is deduced from the fate map of the disc (Bryant
1978), the border of Iro expression, and the position of the pre-
cursors of the proximal sensilla of the dorsal radius (arrowhead).
Note that the notum/hinge border is defined, most probably by
Iro expression in younger discs; it may not correspond strictly to
its late third instar expression. (B,C) Wild-type discs stained for
Nub (green) and Iro or 1(2)09261, respectively (red). (Inset in C)
Red channel [I(2)09261 domain|. nub domain comprises the
wing pouch and extends into part of the proximal wing, as de-
duced from a z-axis section of these discs, whereas 1(2)09261
domain is more extensive, includes the whole proximal wing
and the dorsal hinge, reaching up to the notum (Fig. 3B). These
domains are indicated in A. (D,E) UAS-ara/ap-GAL4 discs
stained for Iro (red) and Nub or 1(2)09261, respectively (red). nub
and 1(2)09261 expressions become coextensive at the distal
limit of Ara ectopic expression (arrowheads), suggesting the ab-
sence of specification of the dorsal hinge territory.

wild-type cells from notum to tegula. Nonautonomous
effects were also observed in the imaginal disc. Thus, the
Iro-C™ clones in the notum territory induced neighboring
wild-type cells to express strongly the 1(2)09261 marker
(Fig. 3C,E). Interestingly, the expressing cells were lo-
cated nearest to the notopleural (NP) region; conse-
quently, their spatial disposition with respect to the
clone was a mirror-image correlate of the NP cells ex-
pressing the marker with respect to the notum/hinge
fold (Fig. 3C). This nonautonomous effect was weaker in
more posterior clones and was not observed in the post-
notum territory (not shown). A nonautonomous dere-
pression of tsh also occurred in the wild-type cells near-
est the lateral notum (Fig. 3G). Another nonautonomous
effect concerned the expression of wg, whose product
accumulates in an A/P band that runs near the dorso-
central region of the prospective notum (Baker 1988;
Phillips and Whittle 1993) but not in the hinge (except
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for a small domain at the prospective tegula, Fig. 3H).
The Iro-C™ cells in the notum, which did not express wg
autonomously (Fig. 3I) (in accordance with their trans-
formation toward hinge cells), caused their wild-type
neighbors closest to the NP region also not to accumu-
late Wg protein (Fig. 3]). The nonautonomous repression
of wg and activation of 1(2)09261 and tsh are consistent
with the transformation of these cells toward NP or
other lateral notum cells.

Interactions between the Iro-C™ and Iro-C* cells were
also revealed by the ectopic fold that surrounded the no-
tum Iro-C~ clones (Fig. 2A), as this fold was formed by
mutant and wild-type cells (not shown). Moreover, simi-
lar interactions evidently occurred at borders where cells
with ectopic high levels of Iro proteins confronted cells
without or with minimal levels of them, as ectopic folds
also formed at these borders (Fig. 2B,C). Therefore, the
fold separating the prospective notum and wing hinge
(Figs. 2A and 3A,B) is probably induced in early third
instar discs by the juxtaposition of Iro-C expressing and
nonexpressing cells (Fig. 5B). Other folds or grooves may
be similarly induced, as mirr is expressed in the Dro-
sophila embryo, at the dorsal folds, and at the anterior
border of each segment (McNeill et al. 1997). Interest-
ingly, the Xirol and Xiro2 genes, Xenopus homologs of
ara and caup (Gomez-Skarmeta et al. 1998), are ex-
pressed at rhombomeres 1, 3, and 5 and may be involved
in generating their borders (J.L. Gomez-Skarmeta, un-
publ.).

Upon confrontation with Iro-C~ cells, Iro-C* cells lo-
cated near the central region of the notum acquire prop-
erties typical of cells located near the hinge border (Fig.
3). This suggests that during development of the wild-
type disc, interactions between the Iro-C-expressing and
nonexpressing cells at each side of this border (already
present in second instar discs; Fig. 5A) establish a signal-
ing system that organizes pattern in the notum and, pos-
sibly, the hinge (Fig. 5D). Accordingly, the suppression of
notum macrochaetae in wild-type territory induced by
the Iro-C~ clones (Fig. 1A) may be caused by ectopic sig-
nals that emanate from the clone borders and interfere
with the extant signals. It should be stressed that in the
developing eye, juxtaposition of dorsal Iro-C-expressing
and ventral nonexpressing cells also sets up a signaling
system, mediated by Delta and Serrate and the receptor
Notch (N), that organizes growth and patterning (chiral-
ity of the ommatidia) of the whole eye (McNeill et al.
1997; Dominguez and de Celis 1998; Papayannopoulos et
al. 1998). Although during notum development this sig-
naling pathway is most important to discriminate be-
tween the epidermal and neural fates (Artavanis-Tsako-
nas et al. 1995), no data are available concerning its pos-
sible role in the notum versus hinge decision. The Egf
receptor signaling pathway may participate in it, as re-
moval of its ligand Vein impedes notum development
(Simcox et al. 1996).

The well-known organizing borders of the wing disc
coincide with the A/P and D/V cell-lineage restriction
boundaries (Blair 1995; Brook et al. 1996). A similar
boundary, located between the notum and the wing
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Figure 5. (A) Second instar disc. Caup (red) is present in the
whole proximal region, the presumptive notum. During early
third instar, expression extends into the presumptive pleura
(not shown). (B) High magnification of notum/hinge area of
mid-third instar disc showing the close spatial association be-
tween the Caup accumulating cells (red) and the developing
notum /hinge fold (green, arrowed, phalloidin staining). (C) M*
cell lineage clones (absence of B-galactosidase marker, green)
induced 72-96 hr AEL. A clone comprises cells at both sides of
the Tro-C expression border (arrowhead). (D) Model of an ideal-
ized wing disc showing different concentric domains revealed
by the expression patterns like the vg quadrant enhancer (wing
blade, dark green), nub (wing blade and part of proximal wing,
dark and medium green), 1(2)09261 (wing hinge, white, plus
wing, green), and Iro-C (notum and pleura, red) (see text). Small
arrows indicate tissue-organizing properties of the border of Iro-
C-expressing and nonexpressing cells, as suggested by the non-
autonomous effects of the Iro-C~ clones. Dashed lines represent
anterior/posterior and dorsal /ventral compartment borders. (E)
Scheme of the notum, wing hinge, and wing blade of an adult fly
showing, as suggested by palaeontological (Kukalova-Peck
1978) and our data, extents of the tergal territory, which com-
prises the notum, hinge, and mesopleura (not shown), and the
alar territory. Tegula and first and second sclerites are high-
lighted in pink.

hinge, has been inferred after examining lineage clones
in the adult cuticle (Garcia-Bellido et al. 1976). However,
at the disc level, we have not found evidence for the
existence of this cell-lineage restriction. If present, it cer-
tainly does not coincide with the border of Iro-C-express-
ing cells, as cell-lineage clones generated by the Minute
technique (Morata and Ripoll 1975) and induced as late
as 72-96 hr AEL straddled this border (Fig. 5C). We con-
clude that upon proliferation, cells that cross the border
of Iro-C expression most likely change their fate from
notum to proximal hinge or vice versa.

The patterns of expression of Iro and other genes im-
portant for development of the wing disc suggest that
this disc is organized, in the proximal/distal axis, in con-
centric domains (Fig. 5D). Iro expression (Fig. 5A;
Gomez-Skarmeta et al. 1996) coincides with the outer-
most domain, which gives rise to the notum and meso-



thoracic pleura, whereas the vg quadrant enhancer-me-
diated expression coincides with the innermost one (Kim
et al. 1996), essentially the wing blade territory. In be-
tween, the expressions of nub (Ng et al. 1995) and
1{2)09261 coincide with increasingly larger domains (Fig.
4), and the rings of late expression of wg (Phillips and
Whittle 1993) mark concentric subdomains of the proxi-
mal wing. The finding that Iro-C promotes the develop-
ment of notum as opposed to dorsal hinge structures
suggests a specific genetic address for the hinge domain,
for which we do not know of a corresponding marker.
Palaeontological data on the structure of primitive fossil
pterygote hinges suggest that the hinge structures (tergal
pteralia) originated from the tergal lobes (lateral projec-
tions of the tergum) (Kukalova-Peck 1978); that is, phy-
logenetically, they are probably body wall structures
(Fig. 5E). Accordingly, the Iro-C homeodomain proteins
help establish a subdivision between two tergal territo-
ries and could do so by antagonizing genes specifying
hinge fate.

Materials and methods

Fly stocks

Df(3L)iroP™1 and Df(3L)iroP*™3 are two deficiencies null for
ara and caup (Gomez-Skarmeta et al. 1996). The proximal
breakpoint of Df(3L)iro”"2is 100 bp 5’ of the end of the longest
mirr cDNA characterized (R. Diez del Corral and J.L. Gémez-
Skarmeta, unpubl.). Homozygous Df(3L)iroP"™?3 clones in the
notum lack mirr expression, as determined by in situ hybrid-
ization. Although the proximal breakpoint of Df(3L)iro”*! has
not been characterized, this deficiency, at least in the notum, is
also most likely null for these genes, as Df(3L)iroP*! and
Df(3L)iroP"™3 cell clones in the notum have undistinguishable
phenotypes. Only two additional transcription units have been
found within the DNA eliminated by Df(3L)iroP?"3. They are
located in the DNA (73 kb) that separates caup and mirr (Netter
et al. 1998). The longest ORF (170 codons) of their cDNAs, as
well as the shorter ORFs, seem to be noncoding, as judged by
codon and third base usages (R. Diez del Corral and J.L. Gomez-
Skarmeta, unpubl.). Enhancer trap line 1(2)09261 was a gift from
T. Laverty (Howard Hughes Medical Institute, University of
California, Berkeley, CA). UAS-caup transgenic line was pre-
pared using an EcoRI fragment of caup ¢cDNA containing the
entire ORF subcloned into pUAST (Brand and Perrimon 1993).
mirr®*® is described in McNeill et al. (1997).

Genetic mosaics

£3%4. mwh Df(3L)iroPt™3 (or Df(3L)iroP™? or mirr¢*®)/M(3)*°P[f*]
(77a) larvae (Gomez-Skarmeta et al. 1996) were irradiated (X
rays, 1000 rads) at 48-72, 72-96, and 96-120 hr AEL. In M(3)">°
heterozygous animals, this corresponds to approximately first,
second, and early third larval instar, respectively (Ferras 1975).
Notum malformations with hinge structures were also observed
using the FLP/FRT system (Xu and Rubin 1993). In this case,
recombination was induced by heat treating (37°C, 1 hr) y hs-
FLP122; mwh iroP™3 (or iroP™? or mirr**®) FRT80B/P[mini-
w'; hsNM)|(67B) FRT80B larvae (24-72 hr AEL). Malformations
were not observed in flies raised from irradiated control %4,
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mwh /M(3)"*° P[f*] (77) larvae. Flies were mounted either in
Gary’s magic mountant (Lawrence et al. 1986) or boiled in KOH
and mounted in ethanol/lactic acid (1:1). Selected flies were
gold sprayed and observed in a Phillips scanning electron mi-
croscope. FLP/FRT-induced Iro-C~ clones were also examined
in wing imaginal discs by the absence of the N-myc marker.
Iro-C~ clones in UAS-ara-overexpressing background were in-
duced (37°C, 1 hr) in y hsFLP122/+; UAS-ara/ap-GAL4; mwh
iroPFM3 FRTSOB/P[mini-w*; hsNM](67B) FRTS0B larvae (24-48
hr AEL).

Clones strongly overexpressing Caup were obtained by cross-
ing a UAS—caup line with line f°°¢ FLP1.22; abx/Ubx < FRT f*
stop FRT > GAL4-lacZ (de Celis and Bray 1997) and heat-treat-
ing larvae (24-48 hr AEL) at 37°C for 15 min. Caup accumula-
tion was severalfold higher than that from the endogenous gene
in notum cells (anti-Caup antibody fluorescent labeling).

Cell lineage clones were induced in larvae (24-48, 48-72, and
72-96 hr AEL) of the genotype M(1)O, armlacZ FRT'$*/
sn®FRT84; hsFLP%8, Bc/+ using the FRT/FLP technique (Xu and
Rubin 1993). Cell clones were identified by the absence of B-ga-
lactosidase accumulation in discs dissected at 120-144 hr AEL.

Histochemistry

N-myc induction and antibody staining of imaginal discs were
as in Xu and Rubin (1993). Primary antibodies were rabbit and
mouse anti-B-galactosidase (Cappel and Promega), mouse
monoclonal anti-Myc (BAbCO), rat polyclonal anti-Caup, rabbit
anti-Nub (Cockerill et al. 1993), mouse anti-Tsh (Ng et al. 1996),
and rabbit anti-Sc (Skeath and Carroll 1991). Anti-Caup anti-
body was prepared with a Caup-GST fusion protein (Smith and
Johnson 1988) that contained the amino-terminal 324-amino-
acid residues of Caup (including the homeodomain). This anti-
serum cross-reacted with Ara but not with Mirr. Secondary an-
tibodies were anti-mouse, -rabbit, -rat antibodies coupled to
fluorescein or lissamine-rhodamine (Jackson). Phalloidin—fluo-
rescein staining to show the apicobasal polarity of the cells in
the folds was performed according to Blair (1992). Images were
collected in a Zeiss confocal microscope.
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