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Developmental fields are subdivided into lineage-restricted cell populations, known as

compartments. In the eye imaginal disc of Drosophila, dorso-ventral (DV) lineage restriction

is the primary event, whereas antero-posterior compartment boundary is the first lineage

restriction in other imaginal discs. The Iroquois complex (Iro-C) genes function as dorsal

selectors and repress the default, ventral, identity in the eye–head primordium. In Iro-C

mutant clones, change of the dorsal identity to default ventral fate leads to generation of

ectopic DV boundary, which results in dorsal eye enlargement, and duplication of ventral

appendages like antenna and maxillary palp. Similar phenotypes were observed in heads

with defective proventriculus (dve) mutant clones. Here, we show that the homeobox gene

dve is a downstream effector of Iro-C in the dorsal head capsule (vertex) specification

and represses the ventral (antennal) identity. Two homeodomain proteins Distal-less (Dll)

and Homothorax (Hth) are known to be determinants of the antennal identity. Ectopic

antenna formation in heads with dve mutant clones was associated with ectopic Dll expres-

sion and endogenous Hth expression in the vertex region. Interestingly, dve Dll double

mutant clones could also induce ectopic antennae lacking the distal structures, suggesting

that the Dve activity is crucial for repressing inappropriate antenna-forming potential in

the vertex region. Our results clearly indicate that not only the activation of effector genes

to execute developmental program but also the repression of inappropriate program is cru-

cial for establishment of the organ identity.

� 2014 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

During the development of multi-cellular organisms,

homogeneous cells within a developing field attain distinct

developmental fates depending on their positions. As a result,
these developmental fields are subdivided into lineage-

restricted cell populations, known as compartments

(Garcia-Bellido et al., 1973; Morata and Lawrence, 1975). The

development of larval imaginal discs into a variety of adult

structure requires generation of antero-posterior (AP) and
ima-naka,
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dorso-ventral (DV) lineage restrictions, and subdivision along

the proximo-distal (PD) axis is also required for patterning.

In antenna and most other larval imaginal discs of Dro-

sophila, early-arising AP boundary is the first lineage restric-

tion, which is followed by DV boundary generation through

the growth phase of the disc. It results in the subdivision of

these discs into dorsal and ventral compartments (reviewed

in Blair, 1995, 2001; Singh et al., 2005). In contrast, the eye–

head primordium does not show a strict AP lineage restriction

(Morata and Lawrence, 1978), and DV lineage restriction and

expression of DV patterning genes occurs very early during

the eye disc development (Baker, 1978; Cho and Choi, 1998;

Dominguez and de Celis, 1998; Singh et al., 2005).

In undifferentiated eye–head primordium, DV lineage

restriction is the primary event. The Iroquois complex (Iro-C)

genes, which act downstream to dorsal eye selector pannier

(pnr), a GATA-1 transcription factor, also function as the dor-

sal selectors (Cavodeassi et al., 2000; Maurel-Zaffran and

Treisman, 2000). Iro-C encodes three TALE-class homeodo-

main proteins, Araucan (Ara), Caupolican (Caup), and Mirror

(Mirr) (Gómez-Skarmeta et al., 1996; McNeill et al., 1997;

Netter et al., 1998). In the late first larval instar, these three

proteins accumulate in the dorsal half of the eye disc and

thereby restrict the fringe (fng) expression to the ventral eye

domain (Cavodeassi et al., 1999; Cho and Choi, 1998). Conse-

quently, Notch (N) signaling is activated at the DV boundary,

which constitutes an organizing center essential for the eye

growth and for establishment of the ommatidial polarity

(Cho and Choi, 1998; Dominguez and de Celis, 1998;

Papayannopoulos et al., 1998). In the second larval instar,

the N signaling is required for tissue specification via its con-

trol of cell proliferation and its antagonistic interaction with

EGFR signaling. These pathways act upstream of twin of

eyeless (toy), the topmost gene in the eye specification gene

hierarchy (Kumar and Moses, 2001).

A pair of the eye-antennal disc gives rise to four different

organs (eyes, antennae, ocelli, and palps) and surrounding

head cuticle (Kenyon et al., 2003; Kumar and Moses, 2001).

The antennal appendage has segmental structure similar to

that of the leg appendage. In both antennal and leg discs,

the combinatorial action of Decapentaplegic (Dpp) and Wing-

less (Wg) signaling induces the PD patterning genes, Distal-

less (Dll), dacshund (dac), and homothorax (hth) in a concentric

pattern (Dong et al., 2001). Furthermore, antenna-to-leg or

leg-to-antenna transformation can be induced in a variety

of mutants (Casares and Mann, 1998; Pai et al., 1998; Struhl,

1981, 1982), indicating the similar developmental potential

between these antenna and leg appendages.

In this study, we examined roles of the homeobox gene

defective proventriculus (dve) in the eye-antennal disc. Dve is

expressed in the dorsal head capsule (vertex) region, and

heads with dve mutant clones showed ectopic antenna for-

mation and dorsal eye enlargement as observed in those with

Iro-C mutant clones. We present evidence that dve acts as a

dorsal selector gene and specify the head vertex region. Fur-

thermore, Dve suppresses antennal fate in the vertex region

by repressing Dll and cut (ct). Thus, our data suggest that

Dve functions to repress inappropriate developmental poten-

tial in both the head and the leg, and also that this repressive
activity is crucial for proper organogenesis in these develop-

mental fields.

2. Results

2.1. dve mutant phenotypes in the adult head

The Drosophila homeobox gene defective proventriculus (dve)

is involved in various functions including wing morphogene-

sis, leg joint formation, head vertex specification, ommatidial

cell-type specification, and functional specification of the

midgut (Johnston et al., 2011; Nakagawa et al., 2011;

Nakagoshi, 2005; Nakagoshi et al., 1998, 2002; Shirai et al.,

2007; Yorimitsu et al., 2011). In the eye-antennal disc, Dve is

expressed in the dorsal head capsule (vertex) region from

the early third-larval instar. Loss-of-function clones of dve

mutants showed transformation of ocellar region into the

frons cuticle associated with ocelli loss (Yorimitsu et al.,

2011). In these heads with dve mutant clones, ectopic antenna

formation (4.6%, n = 160) and dorsal eye enlargement (3.8%,

n = 160) were rarely observed (Fig. 1A–C). Interestingly, the

same phenotypes are reported in heads with Iro-C or pnr

mutant clones (Cavodeassi et al., 2000; Maurel-Zaffran and

Treisman, 2000; Oros et al., 2010). The Iro-C genes act down-

stream of the dorsal eye selector Pnr (Cavodeassi et al.,

2000; Maurel-Zaffran and Treisman, 2000). The Iro-C genes

are expressed in the dorsal region of the eye-antennal disc

from late first-larval instar, and also act as dorsal selectors

(Gómez-Skarmeta et al., 1996; McNeill et al., 1997). The

phenotypic similarity between dve and Iro-C mutant clones

suggests that Dve acts as a downstream effector of Iro-C to

specify the dorsal identity in the head vertex region.

2.2. Ectopic DV boundary formation in heads with dve
mutant clones

In the late first larval instar, Iro-C proteins accumulate in

the dorsal half of the eye disc and thereby restrict the fng

expression to the ventral eye domain (Cavodeassi et al.,

1999; Cho and Choi, 1998). This is the first lineage restriction

in the eye disc. If this early process is not correctly induced

in Iro-C mutant clones, the initial dorsal head capsule (vertex)

identity along with Dve expression should be lost. For

instance, Dve expression was completely lost in a cell-auton-

omous manner in some Iro-C mutant clones (Fig. 1D). This

result prompted us to examine whether dorsal eye enlarge-

ment is induced by ectopic DV boundary formation in dve

mutants as well as in Iro-C mutants. We used mirr-lacZ to visu-

alize the DV boundary of the adult eye in which the white (w+)

transgene expression is restricted to the dorsal half in

response to the mirr enhancer (Netter et al., 1998) (Fig. 1E).

In heads with dve mutant clones, the dorsally enlarged eye

had an ectopic boundary of w+ expression in addition to the

normal one, indicating that the ectopic DV boundary is

induced in the vertex region in heads with dve mutant clones

(Fig. 1F).

To further confirm this notion, we checked expression of

the ventral identity marker fng-lacZ (Cavodeassi et al., 1999),

which partly overlaps with Dve expression at the boundary



Fig. 1 – dve mutant phenotypes in the adult head. (A–C) A wild-type head (A) and heads with dve mutant clones (B, C). (B)

Ectopic antennae (arrowheads) are formed mirror-symmetrically with respect to the normal antennae (y w ey-flp GMR-lacZ/Y;

FRT42D dve1/FRT42D[w+] l(2)cl-R111). (C) Enlargement of the compound eye in the dorsal region (outlined in white)

accompanied with the ectopic antenna (arrowhead, out of focus) (y w hs-flp/y w; FRT42D dveL186/ey-FLP5 FRT42D ubi-GFP [w+]

M(2)531). (D) Mutant clones for iroDFM3, a deficiency for ara, caup and the promoter of mirr, are marked by the absence of GFP

expression (green). In a large Iro-C mutant clone, Dve expression (magenta) is completely lost in a cell-autonomous manner

(arrow in D’). Dorsal is up, and anterior is to the left. (E) The DV boundary of an adult compound eye (arrowhead) is visualized

with the w+ transgene expression of mirr-lacZ. (F) Dorsal view of a head with dve mutant clones (y w ey-flp2/y w; FRT42D arm-

lacZ M(2)l2/FRT42D dveL186; mirr-lacZ/+). The arrowhead shows an ectopic DV boundary of the enlarged eye. (G, H) Expression

of fng-lacZ (blue) in heterozygous control (G) and dve mutant (H) discs. Mutant clones for dveL186 are marked by the absence of

GFP expression (green) and also by the Dve expression (magenta). Ectopic fng-lacZ expression in the vertex region is indicated

by an arrow (H’). Dorsal is up, and anterior is to the left.
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of the antennal disc and the vertex region (Fig. 1G). In dve

mutant clones, fng-lacZ was ectopically expressed in the ver-

tex region, suggesting that dve mutant cells lost the dorsal

identity (Fig. 1H). Taken together, these results suggest that

Dve is a downstream effector of Iro-C and specifies the dorsal

fate in the head vertex region.

2.3. Iro-C regulates graded Dve expression in an
Otd-independent manner

In the vertex region, Dve and mirr-lacZ are coexpressed,

whereas Dve and ara are expressed in a non-overlapping

manner (Yorimitsu et al., 2011). Although Dve expression

was completely lost in a cell-autonomous manner in some

Iro-C mutant clones (Fig. 1D), it was unaffected in most Iro-C

mutant clones (arrowhead in Fig. 2A). Pattern formation in

the head vertex requires the homeodomain protein Ortho-

denticle (Otd). During the second larval instar, Otd is ubiqui-

tously expressed in the eye-antennal disc and it is gradually

restricted in the vertex primordium until early third larval

instar by the combined action of Wg and Hedgehog (Hh)
signaling pathways (Royet and Finkelstein, 1995, 1997). In

the vertex region, Otd is necessary and sufficient for Dve

expression in a cell-autonomous manner, and the Otd-medi-

ated Dve induction is also required for ara repression

(Yorimitsu et al., 2011). Both Otd and Dve are expressed in a

graded fashion along the medio-lateral axis, and the low-level

expression of Dve was substantially de-repressed in the lat-

eral region in Iro-C mutant clones (arrow in Fig. 2A’). It seemed

possible that this is due to upregulation of Wg in Iro-C mutant

clones (Cavodeassi et al., 1999, 2000) and Wg-dependent Otd

induction. However, Otd expression was unaffected in Iro-C

mutant clones (Fig. 2B). These results suggest that the Iro-C-

mediated Dve repression in the lateral region is independent

of the level of Otd expression. Thus, Iro-C proteins are

required to induce otd and dve expression through dorsaliza-

tion of the vertex region at early stage, and thereafter refine

the graded Dve expression in an Otd-independent manner.

To examine whether Iro-C-mediated Dve repression is

dependent on Mirr, which is coexpressed with Dve in the ver-

tex region, we generated mirr mutant clones. Dve expression

was unaffected in mirr mutant clones (Fig. 2C), suggesting



Fig. 2 – Refinement of Dve expression by Iro-C. (A, B) Mutant clones for iroDFM3 are marked by the absence of GFP expression

(green) (y w hs-flp/+; mwh iroDFM3 FRT2A/ubi-GFP[w+] FRT2A). (A–A’’) In Iro-C mutant clones, Dve expression (magenta) is de-

repressed only on the border between the dorsal eye and the vertex region (arrow in A’), whereas it is unaffected in the vertex

region (arrowhead) and the dorsal eye region (outlined in A’). (B–B’’) Expression of Otd (magenta), a positive regulator for Dve,

is unaffected in Iro-C mutant clones. (C–C’’) Mutant clones for mirrcre2 are marked by the absence of GFP expression (green) (y

w ey-flp GMR-lacZ/+; mirrcre2 FRT80/ubi-GFP.S65T.nls [w+] FRT80). In mirr mutant clones, Dve expression (magenta) is

unaffected. Dorsal is up, and anterior is to the left in (A–C).
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that Ara/Caup are involved in Dve repression in the lateral

region. This mechanism may reflect a coherent feedforward

loop to induce the frons identity (see Section 3).

2.4. Ectopic antennae are derived from dve mutant cells

Dve is also expressed in the distal antennal region of third-

instar eye-antennal disc (Fig. 1D’), and the expression is com-

plementary to those of Ct and spalt-lacZ, indicating that Dve is

expressed distally to the a2 segment (data not shown). In

adult heads with dve mutant clones, ectopic antenna forma-

tion was observed, however, normal antenna formation

appeared to be unaffected (Fig. 1B). To examine whether the

dve activity is dispensable for normal antenna formation,

dve mutant cells were labeled with the yellow (y) marker.

Because Dve is normally expressed in the presumptive a3 seg-

ment, the basal cylinder, and the arista, we carefully checked

the morphology of these distal structures. The dve mutant

antennae marked by y showed no morphological abnormality,

and most of the ectopic antennae were marked with the y

marker (Supplementary Fig. 1). These results raise an intrigu-

ing possibility that the Dve activity represses the antennal

identity in the vertex region.

To examine whether the ectopic antennae are only com-

posed of dve mutant cells, we checked expression of antennal

identity markers in dve mutant clones. The homeodomain
protein Dll is required for PD patterning in legs, wings, and

antennae. The TALE-class homeodomain protein Hth is also

required for PD patterning, and mutations in either Dll or

hth cause antenna-to-leg transformation (Casares and

Mann, 1998; Gorfinkiel et al., 1997; Pai et al., 1998), suggesting

that these genes are required for the antennal identity. For

instance, coexpression of Dll and hth can induce the forma-

tion of ectopic antennae at novel locations (Dong et al.,

2000). Hth is expressed in the proximal region of the antennal

disc, and also in the vertex region where Dve is normally

expressed. In dve mutant clones, the Hth expression was

not affected (data not shown). Thus, we examined whether

Dll is ectopically expressed in the dve mutant cells. To monitor

the Dll expression, we recombined the Dll-lacZ marker with a

dve mutant allele (FRT42D dveE38 Dll-lacZ) (Fig. 3A). In this

experimental condition, dve mutant clones are also homozy-

gous for Dll-lacZ, however, the control clones generated with

FRT42D Dll-lacZ chromosomes did not induce ectopic Dll-lacZ

expression. In contrast, the dve mutant cells clearly showed

ectopic Dll-lacZ expression (Fig. 3B). Moreover, the outgrown

discs included GFP-positive wild-type cells (Fig. 3B’), suggest-

ing that ectopic antennae in heads with dve mutant clones

also include these wild-type cells. To exclude the possibility

that ectopic Dll-lacZ expression is due to the dve DlllacZ double

mutant condition, we checked Dll protein expression in dve

null mutant clones. Ectopic Dll protein could also be detected



Fig. 3 – Ectopic Dll expression in the dve mutant vertex region. (A) A wild-type disc. Expression of Dve (green) and Dll-lacZ

(magenta) at the late third larval instar. Dll-lacZ is expressed only in the antennal disc distally to the a1 segment. (B, C) Mutant

clones for dve are marked by the absence of GFP expression (green). (B) Dll-lacZ (magenta) is ectopically expressed in a part of

dve mutant clone (y w ey-flp2/y w; FRT42D dveE38 Dll-lacZ/FRT42D ubi-GFP[w+]). The boxed region in (B) is magnified in (B’) (C)

Ectopic Dll protein (magenta, arrowhead in C’) is also expressed in a dve null mutant outgrown disc (y w ey-flp2/y w; FRT42D

dveL186/FRT42D ubi-GFP[w+]). (D) Expression of Dll (magenta) and Dve (blue) in a iroDFM3 mutant clone, which is marked by the

absence of GFP expression (green) (y w hs-flp/+; mwh iroDFM3 FRT2A/ubi-GFP[w+] FRT2A). Ectopic Dll expression in dve mutant

cells is indicated by an arrowhead in (D’). Dorsal is up, and anterior is to the left in (A–D).
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in dve mutant cells of the outgrown disc (Fig. 3C), and the

ectopic Dll expression was restricted to a part of the dve

mutant cells.

Ectopic antenna formation is also induced in heads with

Iro-C mutant clones. In Iro-C mutant clones, we could detect

ectopic Dll protein expression associated with loss of Dve

expression (Fig. 3D). In Iro-C mutant clones that had normal

Dve expression, ectopic Dll expression was never induced

(data not shown). Thus, it seems likely that the Dve activity

is crucial to repress Dll in the vertex region.

2.5. Dve represses the antennal identity

To further confirm the antennal identity of dve mutant

cells, we checked Ct expression. As a pattern complementary

to the Dve-expressing vertex region, Ct is normally expressed

in the a1 and a2 segments of the antennal disc, but not in the

vertex region (Fig. 4A). In the dve mutant clones, Ct was also

ectopically expressed, indicating that both distal and proxi-

mal markers for the antennal identity are de-repressed in

the dve mutant vertex region (Fig. 4B). The frequency of ecto-

pic Ct expression was relatively higher than that of ectopic Dll

expression, and ectopic Dll expression was usually associated
with disc outgrowth. Therefore, we checked Ct and Dll-lacZ

expression simultaneously in dve mutant clones. When ecto-

pic Ct expression was restricted in a small number of cells,

Dll-lacZ expression and disc outgrowth were not observed

(Fig. 4B, C, and Supplementary Fig. 2). When ectopic Ct

expression showed a concentric pattern, Dll-lacZ was induced

at the distalmost region of the outgrown disc (Fig. 4D, and

Supplementary Fig. 2). It is noteworthy that the GFP-positive

wild-type cells are incorporated into the presumptive ectopic

antenna that expresses Ct (Fig. 4D, arrow).

Then, we examined whether ectopic antenna formation in

the heads with dve mutant clones largely depends on ectopic

Dll expression in the vertex region. In double mutant clones

for dve and Dll, we can examine the effect of dve mutation

rather than that of ectopic Dll expression. If the Dll activity

is crucial for antenna formation, no ectopic antenna should

be formed in heads with the dve Dll double mutant clones.

Surprisingly, heads with the dve1 DllSA1 double mutant clones

could induce ectopic antennae that lacked the distal struc-

tures (Fig. 4E and F). This result suggests that the Dll activity

is not necessary to determine the antennal identity, and that

Dve represses not only the Dll expression but also the

inappropriate antennal potential of the vertex region.



Fig. 4 – Dve represses the antennal potential of the vertex region. (A) An early antennal field marker, Ct (magenta), is

expressed in the a1–a2 segments of the antennal disc, while Dve (green) is exclusively expressed in the dorsal head capsule

(vertex) region. (B and B’) Mutant clones for dveE38 are marked by the absence of GFP expression (green) (y w ey-flp2/y w;

FRT42D dveE38 Dll-lacZ/FRT42D ubi-GFP[w+]). Ct (magenta) is ectopically expressed in a dve mutant clone generated in the

vertex region, where disc outgrowth is not evident. The boxed region is magnified in (B’). (C, D) Expression of Ct (red) and Dll-

lacZ (blue) in dveE38 mutant clones (y w hs-flp/Y; FRT42D dveE38 Dll-lacZ/ey-FLP5 FRT42D ubi-GFP [w+] M(2)531). (C–C’’) Ectopic Ct

expression (arrowhead in C’’) is restricted in a small number of cells, and Dll-lacZ expression (C’) and disc outgrowth are not

observed. (D–D’’) Ectopic Ct expression shows a concentric pattern (D’’), and Dll-lacZ is induced at the distalmost region of the

outgrown disc (arrowhead in D’). The GFP-positive wild-type cells are incorporated into the presumptive ectopic antenna that

expresses Ct (arrow in D). (E) A Dll single mutant mosaic head shows loss of distal parts of the antenna (arrowhead). (F) A

head with dve Dll double mutant clones shows ectopic proximal antenna formation (y w ey-flp GMR-lacZ/Y; FRT42D dve1 DllSA1/

FRT42D[w+] l(2)cl-R111). The frequency of these ectopic antenna formation was 1.4%, and most of the ventrally located

antennae showed distal less phenotype (92.8%, n = 346). The boxed region is magnified in (F’). Dorsal is up in A–F, and

anterior is to the left in A–D.
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3. Discussion

3.1. Mechanisms of ectopic antenna formation

In the dorsal eye, the GATA family transcription factor Pnr

initiates Wg signaling, which in turn promotes the expression

of the dorsal selector genes Iro-C. In pnr or Iro-C mutant

clones, misspecification of the dorsal field generates an ecto-

pic DV boundary associated with the dorsal eye enlargement,

and also induces the ectopic antenna formation (Cavodeassi
et al., 2000; Maurel-Zaffran and Treisman, 2000; Oros et al.,

2010). Cavodeassi et al. (2000) showed that the Iro-C mutant

clones induce ectopic Dll expression only in the posterior/dor-

sal quadrant of the eye disc, but not in the anterior/dorsal

(vertex) region that has the endogenous Hth (and Dve) expres-

sion. Their interpretation was that the interaction of Dll- and

Hth-expressing cells should allow the growth of an ectopic

antenna (Cavodeassi et al., 2000). Based on our results, we

propose a model that Dve is a vertex-specific dorsal selector

that represses the ventral (antennal) identity, and that the
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Dve activity is crucial for Dll repression in the anterior/dorsal

(vertex) region. For instance, in dve mutant clones, Dll was

ectopically expressed in the vertex region (Fig. 3B and C).

The low frequency of ectopic Dll induction (3.26%, Supple-

mentary Fig. 2) is consistent with those of ectopic antenna

formation (4.6% and 1.25% for heads with dve and Iro-C

mutant clones, respectively). This might reflect robustness

of developmental program. Both the timing of clone induction

and its clone size seem to be important whether dve or Iro-C

mutant clones loose the dorsal identity and ectopically

express Dll in the vertex region. This notion is also consistent

with the result that most Iro-C mutant clones did not affect

Dve expression (Fig. 2A). The low frequency for loss of the ver-

tex identity in Iro-C mutant clones appears to lead to the

interpretation of Cavodeassi et al. (2000) that ectopic Dll

expression is not induced in the anterior/dorsal (vertex)

region.

Dll is believed to be necessary and sufficient for antennal

identity, however, ectopic antenna formation in the absence

of Dll activity (dve Dll double mutant background; Fig. 4F)

strongly suggests that Dll is not necessary to induce the

antennal identity. Consistent with this notion, it was sug-

gested a Dll-independent mechanism of antennal develop-

ment in the eye disc. Misexpression of Dip3, a MADF/BESS

domain family transcription factor, in the early eye-antennal

disc induces extra antennae by two distinct mechanisms:

antennal duplication and eye-to-antennal transformation

(Duong et al., 2008). The most persuasive evidence for Dll-

independent mechanism is provided by the partial transfor-

mation phenotype having proximal antennal segments

tipped with eye tissue. In accord with this phenotype, some

eye discs show an Elav-positive and Dll-negative central
Fig. 5 – Dve specifies the dorsal head capsule (vertex). (A) The d

caup) at late first larval instar (L1). Dve expression at early third

homeodomain protein Otd. Dve represses the frons (fr) identity

specification (Yorimitsu et al., 2011). Antagonistic interaction be

regions. Dve represses Dll and ct, the antennal identity, to repres

ob: orbital. (B) A coherent type-4 feedforward loop (cFFL). A targe

is relieved by another Repressor 2 (Rep2). Rep2 also activates a t

An activator induces both of a target gene and its repressor (Rep1

Repressive activities found in this study are shown in blue line
domain surrounded by a circular Dac and Hth domain. Thus,

the Dll-independent antennal development can only induce

the proximal segments. Taken together with our results, it

is likely that Dll is not necessary to induce the proximal

antennal identity but is required for the distal identity. How-

ever, we cannot exclude the possibility that Dll activity at very

early stage (before clone induction) is crucial for proximal

antennal identity.

Ectopic antenna formation in heads with dve mutant

clones is different from that with Dip3 misexpression,

because ectopic antennae are derived from the vertex region.

It is assumed that the vertex-to-antennal transformation is

triggered by the ectopic Ct expression. During antennal devel-

opment, Ct is induced by mid-second larval instar, and Dll is

subsequently induced at the central domain of Ct-expressing

antennal field (Kenyon et al., 2003). In dve mutant clones,

ectopic Dll expression was only detected with concentric Ct

expression (3.26%), whereas ectopic Ct expression without

Dll expression could be observed more frequently (11.96%)

(Fig. 4C, D, and Supplementary Fig. 2). These observations

suggest that Ct is firstly induced and Dll is subsequently

induced in ectopic antennal primordia as observed in normal

antennal development. Thus, it is likely that the vertex region

has positional information to execute the proper program for

antennal development (Fig. 5A).

During eye development, initial state of eye primordium is

ventral, and subsequent dorsal specification through Pnr and

Iro-C activities generates DV boundary called as an equator

(Singh and Choi, 2003). The graded activities of JAK/STAT sig-

naling from an equator induce mirror-symmetrical ommatid-

ial polarity. In heads with dve mutant clones, the ectopic

antennae were also formed in a mirror-symmetrical fashion
orsal identity is determined by pnr and Iro-C (mirr, ara, and

larval instar (L3) depends on this dorsal identity and the

and Dve-mediated ara repression is crucial for ocellar

tween Dve and Iro-C (Ara) establishes the lateral vertex

s inappropriate developmental potential of the vertex region.

t gene is repressed by Repressor 1 (Rep1), and this repression

arget gene. (C) An incoherent type-1 feedforward loop (iFFL).

). (D) Interlocked feedforward loops specify the vertex region.

s in (A) and (D).
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(Fig. 1B). These results suggest that a similar graded activity

from the DV boundary organize the position and polarity for

the antenna formation.

3.2. A conserved function of Dve is to repress
inappropriate developmental potential in the head vertex
and the leg

In dve mutant legs, ectopic joints are formed with reverse

polarity, namely mirror-symmetrically to the normal joint.

We proposed a model that the bidirectional signal of joint-

forming activity is generated from the segment boundary,

and that the Dve activity represses it on the distal side to pre-

vent inappropriate joint formation (joint-suppressing activity;

Shirai et al., 2007). On the proximal side, N signaling relieves

this joint-suppressing activity to form appropriate joint. Sim-

ilar to this observation, ectopic antennae were formed mirror-

symmetrically in heads with dve mutant clones, suggesting

that the function of Dve to repress inappropriate develop-

mental potential is highly conserved in the head vertex and

the leg.

Interestingly, the ventrally located brother of odd with entrails

limited (bowl) mutant clones also induced antennal duplication

(Brás-Pereira and Casares, 2008). The functional similarity

between Bowl and Dve is noteworthy. First, they are involved

in a stable N signaling interface at the segment boundary of

the leg (Greenberg and Hatini, 2009; Shirai et al., 2007). Second,

their segmental expression in the antennal disc is not

required for morphological development (Greenberg and

Hatini, 2009) (Fig. 1B, and Supplementary Fig. 1). Third, they

repress the wg expression to refine the source of morphogen,

although this function of Dve is observed at the DV boundary

of the wing disc but not in the eye-antennal disc (Brás-Pereira

and Casares, 2008; Nakagoshi et al., 2002). Finally, they sup-

press inappropriate developmental potential in the eye-anten-

nal disc. Thus, Dve and Bowl have antenna-suppressing

activity in the dorsal and ventral head capsule, respectively.

There might be physiological significance to express these

antenna-suppressing genes in antennal segments.

3.3. Antagonistic interaction between Dve and Ara
specifies the dorsal head capsule

Iro-C determines the dorsal fate, and the functions of

three proteins (Ara, Caup, and Mirr) are intrinsically different

in their contribution to the neural patterning of the lateral

notum (Ikmi et al., 2008). However, it remained unclear

whether three proteins of Iro-C are also functionally different

during head development. In the dorsal head capsule (vertex)

region, Dve and mirr are coexpressed, and Dve and ara are

expressed in a non-overlapping manner. Consistent with this

expression pattern, antagonistic interaction between Dve and

Ara was observed. The Dve-mediated ara repression in the

vertex region is crucial for ocellar specification, because

forced expression of ara in the head vertex region results in

greatly reduced ocelli (Yorimitsu et al., 2011). Ara represses

several downstream genes involved in ocellar development,

and the Dve activity is required to relieve the repressive activ-

ity of Ara for ocellar specification (Fig. 5A). Otd is required for

both ocellar and frons development in the head vertex,
whereas the Otd-induced Dve represses the frons identity in

an incoherent feedforward loop (iFFL) (Alon, 2007; Johnston

et al., 2011; Yorimitsu et al., 2011) (Fig. 5B–D). The repressive

activity of Dve is required in the medial ocellar region to pre-

vent frons development, whereas its activity must be relieved

in the mediolateral region to induce frons development. Iro-C

(Ara/Caup) is required to repress dve only in the lateral region

(Fig. 2A), and the forced expression of ara in the vertex region

results in expansion of frons (Yorimitsu et al., 2011). Thus, it is

likely that the Ara/Caup-mediated dve repression is involved

in establishment of the frons identity in a coherent feedfor-

ward loop (cFFL) (Fig. 5B and D). Interlocked FFLs of Dve-med-

iated transcriptional repression might be a more general

mechanism to ensure robustness of gene expression.
4. Experimental procedures

4.1. Fly stocks

Flies were reared on standard yeast/glucose medium at

25 �C. Oregon-R flies were used as wild-type controls. The fol-

lowing enhancer-trap strains were used: fng-lacZ (Cavodeassi

et al., 1999), Dll-lacZ (Dll01092) [Drosophila Genetic Resource

Center (DGRC), National Institute of Genetics, Mishima], and

mirr-lacZ (mirrcre2) (Bloomington Stock Center). The following

mutant strains were used: FRT42D dve1, FRT42D dveE38

(Nakagoshi et al., 2002), FRT42D dveL186 (Terriente et al.,

2008), FRT42D DllSA1 (Gorfinkiel et al., 1997), mwh iroDFM3 FRT2A

(Sato et al., 2006), and mirrcre2 FRT80 (DGRC, Kyoto).

4.2. Immunohistochemistry

Larvae were dissected in phosphate-buffered saline (PBS),

fixed with 4% formaldehyde/PBS-0.3% Triton X-100 for 20 min,

andwashed several timeswith PBS-0.2%Tween20. The following

primary antibodies were used: mouse anti-Dll (1:200) (Duncan

et al., 1998), mouse anti-Ct 2B10 [Developmental Studies Hybrid-

oma Bank (DSHB), 1:20], mouse anti-b-galactosidase (Promega,

1:200), rabbit anti-Otd (1:500) (Wang et al., 2010), rabbit anti-

b-galactosidase (Cappel, 1:50), and rabbit anti-Dve (1:5000)

(Nakagoshi et al., 1998). FITC-, Cy3- or Cy5-conjugated second-

ary antibodies (Jackson Immunoresearch) were used for detec-

tion. Confocal images were obtained with a confocal

microscope OLYMPUS FV300.

4.3. Mosaic analyses

Mosaic clones were induced with the use of an FRT- and FLP-

mediated recombination system (Newsome et al., 2000; Xu and

Rubin, 1993). To generate dve mutant mosaic clones in adult

heads, FRT42D dveL186, FRT42D dve1, or FRT42D dveE38 flies were

crossed with y w ey-flp GMR-lacZ; FRT42D[w+] l(2)cl-R111, y w hs-

flp; ey-flp5 FRT42D ubi-GFP[w+] M(2)531, or y w ey-flp2; FRT42D

arm-lacZ M(2)l2 flies. To generate dve mutant mosaic clones in

imaginal discs, FRT42D dveL186, FRT42D dve1, or FRT42D dveE38

flies were crossed with y w hs-flp; ey-flp5 FRT42D ubi-GFP[w+]

M(2)531 or y w ey-flp2; FRT42D ubi-GFP[w+] flies.

To generate Iro-C mutant mosaic clones, y w hs-flp; mwh

iroDFM3 FRT2A flies were crossed with y w ey-flp2; ubi-GFP[w+]
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FRT2A or w; ubi-GFP[w+] FRT2A flies and subjecting the off-

spring to heat shock at 38 �C for 60 min at the first larval

instar .

To generate mirr mutant mosaic clones, y w ey-flp2, GMR-

lacZ; mirrcre2 FRT80 flies were crossed with w; Ubi-GFP.S65T.nls

FRT80B flies.

To detect Dll-lacZ expression in dve mutant clones, y w;

FRT42D[y+] dveE38 Dll-lacZ flies were crossed with y w ey-flp;

ubi-GFP[w+] or y w hs-flp; ey-flp5 FRT42D ubi-GFP[w+] M(2)531

flies.

To generate Dll mutant clones, y w; FRT42D DllSA1 flies were

crossed with y w hy-flp2; FRT42D ubi-GFP[w+] flies, and subject-

ing the offspring to heat shock at 38 �C for 60 min at the first

larval instar.

To generate dve Dll double mutant clones, y w; FRT42D dve1

DllSA1 flies were crossed with y w ey-flp GMR-lacZ; FRT42D[w+]

l(2)cl-R111 flies.
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