Research article 5929

The role of buttonhead and Spl in the development of the ventral
imaginal discs of Drosophila

Carlos Estella, Gabrielle Rieckhof*, Manuel Calleja and Ginés Morata 1.1

Centro de Biologia Molecular CSIC-UAM, Universidad Autdnoma de Madrid, 28049 Madrid, Spain

*Present address: Center for Learning and Memory, Department of Biology, Massachusetts Institute of Technology, Cambridge, MA, USA
TAuthor for correspondence (e-mail: gmorata@cbhm.uam.es)

Accepted 27 August 2003

Development 130, 5929-5941
© 2003 The Company of Biologists Ltd
doi:10.1242/dev.00832

Summary

The related geneduttonhead(btd) and Drosophila Spl(the  (antennae and legs). However, these structures are not
Drosophilahomologue of the humarSP1gene) encode zinc- patterned by the morphogenetic signals present in the
finger transcription factors known to play a developmental dorsal discs; the cells expressingptd generate their own
role in the formation of the Drosophilahead segments and signalling system, including the establishment of a sharp
the mechanosensory larval organs. We report a novel boundary of engrailedexpression, and the local activation
function of btd and SpZ they induce the formation and are  of the winglessand decapentaplegigenes. Thus, the Btd
required for the growth of the ventral imaginal discs. They  product has the capacity to induce the activity of the entire
act as activators of theheadcasghdc) and Distal-less(DlII) genetic network necessary for ventral imaginal discs
genes, which allocate the cells of the disc primordia. The development. We propose that this property is a reflection
requirement for btd and Spl persists during the  of the initial function of the btd/Splgenes that consists of
development of ventral discs: inactivation by RNA establishing the fate of the ventral disc primordia and
interference results in a strong reduction of the size of legs determining their pattern and growth.

and antennae. Ectopic expression obtd in the dorsal

imaginal discs (eyes, wings and halteres) results in the Key words:Drosophila Imaginal discsbtd, Sp3, Zinc-finger
formation of the corresponding ventral structures transcription factors

Introduction ventral primordia have different lineages. It is not clear whether

One principal question in developmental biology is how thdNiS restriction corresponds to a genuine compartment
body of multicellular organisms is genetically subdivided. InS€gregation or whether itis the result of the physical separation
Drosophila there is a great deal of information about the©f the two primordia, which can be observed during
subdivision along the anteroposterior axis (AP) body axis: themPryogenesis (Goto and Hayashi, 1997; Kubota et al., 2000).
successive activities of maternal and segmentation genfpnetheless there is a clear difference between dorsal and
(reviewed by Lawrence and Morata, 1994) generate a numb¥gntral patterns, which is also reflected in the activity of
of equivalent body units that form the parasegmental trunk. THéifferent developmental genes. There are identity conferring
various Hox genes become active in specific positions of th@enes which are restricted to either the dorsal or the ventral
parasegmental trunk and confer different identities, thu&egions, such asnr, DIl or vestigial (vg) (reviewed by Mann
generating the morphological diversity in the AP axis. and Morata, 2000). . _

Within the domains defined by the activity of the Hox genes We have developed a method (Calleja et al., 1996) which
there are other genes that discriminate the identity of mor@llows the visualisation of gene expression patterns in living
restricted parts. For examplpannier (pnr) appears to be flies. It is a modification of the Gal4/UAS procedure of Brand
responsible for distinguishing between medial and lateradnd Perrimon (Brand and Perrimon, 1993): mobilisation of the
regions of all thoracic and abdominal segments (Calleja et aRGalw element yields a collection of insertion lines, which are
2000; Herranz and Morata, 2001). The gemterous(ap)  tested using abAS-yconstruct. Individual adult flies showing
distinguishes between the dorsal and ventral regions of ti#ark ¢*) patches of interest were used to establish new Gal4
wing appendages (Diaz-Benjumea and Cohen, 1993), atides. We have used this method for a systematic screen of
Distal-less(DIl) specifies the growth and identity of ventral genes showing restricted expression in adult flies. Among
appendages (Cohen and Jurgens, 1989; Gorfinkiel et al., 199those, the line MD808 was found to conjérexpression in

A major morphological distinction in the embryonic, larval ventral adult derivatives, proboscis, antennae, legs and
and adult body is that between dorsal and ventral regiongenitalia, suggesting the gene driving its expression may have
There is evidence that the dorsal and ventral adult structures @fgeneral function in the formation of these structures.
the thorax share a common lineage in early development We report a functional characterisation of the gene driving
(Steiner, 1976; Wieschaus and Gehring, 1976; Lawrence amdD808 expression. It turned out to bettonheadbtd), which
Morata, 1977), but by late embryogenesis the dorsal anehcodes a zinc-finger transcription factor (Wimmer et al.,
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1993) and is known to be required for the formation of theprocedures. They are referred to &AS-btdi and UAS-Spli
intercalary, antennal and mandibular head segments (Coheaspectively.

and Jurgens, 1990). A related adjacent gene, terSpd
(previously known as D-Spl, has been previously
characterised (Wimmer et al., 1996), the function of which i
partially redundant with that ddftd (Schock et al., 1999). We used as control

find that in addition to their role in head developrrigiitand To isolate RNA for RT-PCR, anterior halves of larvae were lysed

Splare involved in the development of the ventral imaginaly Tyizo| (invitrogen), and extracted RNA was dissolved in water.

discs. Their expression is under the control of the Wg and Dpgynthesis of first strand cDNA was primed by oligo (dT) and random
signals and is also regulated by other factors such as théxamers. RT-PCR was performed using published primers to amplify
bithorax complex genes. Once activated, they induce thie ribosomal protein 49 (RP49) mRNA (Foley et al., 1993), which

function of genes such @ll andheadcasdghdc), which are  serves as internal control, and two pair of primers outside the region
involved in the specification of adult ventral structures. Ougloned in the UAS RNAI to amplifptd and Sp1mRNA.

res_ults also show that the Btd product is able to trigger th& l4/UAS experiments
entire process necessary for leg and antennal developmem‘.f’,1

) . - : : eyGal4 was provided by Walter Gehring and directs expression
including the activation of therg anddppsignalling genes. identical to theeyelesgiene. Thenub-Gal4,omb-Gal4 andUbx-Gal4

lines were isolated in our laboratory and drive expression essentially

RT-PCR

e used larvae of genotyped-Gal4>UAS-btdiandbtd-Gal4>UAS-
plito measure the transcripts levels in comparisdnd@al4 larvae

i in the domains defined by the genes in which the pGalw element is
Materials ahd _methOdS inserted. ptc-Gal4 is described elsewhere (Wilder and Perrimon,
Molecular localisation of MD808 1995). The MD743 line directs expression in the hinge and the pleural

Using inverse PCR (http://www.fruitfly.org/about/methods/inverse.region of the wing (M.C., unpublished). The 444-Gal4 line gives an
pcr.html), we cloned and sequenced the flanking sequérafett®e  overall uniform embryonic expression (Azpiazu and Morata, 1998).
pGalw element (Brand and Perrimon, 1993). The insert is located @hemataGal4VP16 Vp15 lines (a gift from Daniel St Johnston) yield
55,584 bp within the scaffold AE 003448 (FlyBase), 753 bp upstreammaternal Gal4 expression. TREAS-btdstock (Schock et al., 1999)
of btd transcription startSplis located immediately adjacent 60 kb was provided by Herbert Jackle.

downstream obtd. To induce marked clones of cells ectopically expressitgwe
used three different chromosomes as convenientz hs FLP122
Fly stocks f362 apx<fr<Gald-lac-Z (de Celis and Bray, 1997)hsFLP

The btdXG81is a strong allele dfitd with the same phenotype as the act<CD2<Gal4 (Pignoni and Zipursky, 1997) andw hsFLP122;
deletion of the gene (Cohen and Jurgens, 1990).DfflC52is a  act<y*<Gal4 UAS-GFP(Ito et al., 1997). They were crossedJaS-
deletion of the 8E4-9C region, deficient fatd, Spland about 60 btdflies and the F1 larvae were given heat shocks at different stages.
other genes (Cohen and Jurgens, 1990) (FlyBase)Dp(EY)lz* ] ]

covers the 8B-9A region (Schock et al., 1999) and also rescues thistochemical methods

btd and Sp1llarval phenotypes, indicating the genes responsible foEmbryos were stained using standard procedures for confocal
the latter are within the 8E4-9A interval. This interval contains abouimicroscopy (Gonzalez-Crespo et al., 1998); secondary antibodies
44 genes (FlyBase). Thébx! allele has been described by Kerridge were coupled to Red-X and FITC fluorochroms (Jackson
and Morata (Kerridge and Morata, 1982) @Al by Cohen and Inmunoresearch) and were analysed under a laser-scan BioRad
Jirgens (Cohen and Jurgens, 1989). The reporter genes used waieroscope. For double fluorescent in situ/antibody label we followed
dpp-lacz (Blackman, 1991),wg-lacZ (Ingham, 1991),Dll-lacZ the method as described by (Knirr et al., 1999). For the in situ label
(DI101093 (Spradling et al., 1999sg-lacZWhiteley et al., 1992) and we used a btd RNA probe reported previously (Wimmer et al., 1996)

hdc-lacZ(Weaver and White, 1995) and provided by Herbert Jackle. As probe $plwe used an RNA
) transcribed from a cloned 2 kb DNA fragment obtained by PCR using
Production of mutant  btd clones primers from the 5and 3 UTR.

Heat shocks were given to larvae of different stages of genotype Imaginal discs were dissected in PBS and fixed with 4%
btdXG81 {36a FRT18A/y w FRT18A; hsFLP/Mitotic recombination  paraformaldehyde in PBS for 20 minutes at room temperature. They
in the first chromosome would produce clones of muiaifC81cells  were blocked in PBS, 1%BSA, 0.3% Triton for 1 hour, incubated with

marked withf362 and twinbtd" control clones markegellow. the primary antibody over night at 4°C, washed four times in blocking
) buffer, and incubated with the appropriate fluorescent secondary
RNA interference antibody for 1 hour at room temperature in the dark. They were then

The GAL4-inducible constructs for RNA interference were made asvashed and mounted in Vectashield (Vector Laboratories).

follows: for btd, a 400 bp fragment was amplified by PCR using The primary antibodies used were: rabbit and mousefagui-

a B-gaaggatccgccgcecaccgecgecget-8pper primer and a ‘5  (Capel and Promega), mouse anti-CD2 (Serotec), rabbit anti-vestigial
cggggtaccgtaactggctgttcccgcacck@ver primer. ForSpl, a 813 bp  (Williams et al., 1991), mouse anti-dachshund (Mardon et al., 1994),
fragment was amplified using &@ccggatcctggetggatatggg-8pper  guinea pig anti-homothorax (a gift of Natalia Azpiazu), rabbit anti-
primer and a 5sgccggtaccggccccgeccgtetgtgggl@ver primer. Each  Distal-less (a gift of Grace Panganiban), mouse anti-Distal-less
PCR product was independently cloned @&aaHI-Kpnl fragment  (Duncan et al., 1998), mouse anti-engrailed (a gift of Peter Lawrence)
in the pHIBS vector (Nagel et al., 2002), to make the pHbBSar and mouse anti-wingless (Hybridoma Center).

pHIBS-Splconstructs. Th8anHI-Sad fragments from pHIB3#d ) )

or pHIBSSplwere subcloned in the Bluescript vector, generatingPreparation of larval and adult cuticles

the BShtd and BS-Spl respectively.Sal and Kpnl fragments  Adult flies were by the standard methods for microscopic inspection.
(containing the intron and the gene fragment) from pHbBSand Soft parts were digested with 10% KOH, washed with ethanol and
pHIBS-Splconstructs were cloned in the opposite direction in the BSmounted in Euparal. Embryos were collected overnight and aged an
btd and BSSplvector, thus forming the final RNAI constructs BS- additional 12 hours. First instar larvae were dechorionated in
btd RNAi and BSSp1RNAI. The RNAI constructs were cloned in commercial bleach for 3 minutes and the vitelline membrane removed
the pUAS Kpnl site and injected in w118 embryos by standard using heptano-methanol 1:1. Then, after washing with methanol and



btd induces ventral discs development 5931

0.1% Triton X-100, larvae were mounted in Hoyer's lactic acid 1:1
and allowed to clear at 65°C for at least 24 hours.

stage 10 * stage 13

Results

The MD808 Gal4 line is an insertion at the
buttonhead gene

In our search for genes with restricted expression in the adt
cuticle, the MD808 Gal4 line was found to direct expressiot
in the ventral derivatives of the adult body; proboscis
antennae, legs and genitalia. In the abdomen and analia \
could not discern a clear expression. We also noticed that tl
insertion was located in the first chromosome and associat
with a lethal mutation. The mutant larvae showed a hea
phenotype resembling that described for mutants abttie
gene: loss of antennal organ and the ventral arms of tt
cephalopharyngeal skeleton (Cohen and Jirgens, 1990), a
complementation analysis indicated that the chromosom
carrying the insert contained a mutatiomtt The expression
pattern found iNMD808/UAS-lacZembryos was also similar
to that reported fobtd (see below), suggesting that the Gal4
insertion was located at this gene. In addition, the imagine
expression of MD808 and &itd was largely coincident.

Further to the genetic analysis and the expression data v
cloned DNA fragments at the insertion site to map the positio
of the P-element on the genome (see Material and method
It is located 753 bp'®f thebtd gene (FlyBase). We note that
the related gen8p1 theDrosophilahomologue of the human
SP1 (Wimmer et al, 1993; Wimmer et al., 1996) is
immediately adjacent (FlyBase). It is likely tHatd and Sp1
have originated by a tandem duplication of a primorhitei
like gene.

btd and Spl expression domains in the thoracic
segments Fig. 1. Some aspects of embryonic expressiohtdin relation to
The expression patterns obtd and of Spl during that of DI, esgandhdc. Double immunofluorescent staining of in
embryogenesis have already been described (Wimmer et &itu hybridisation fobtd and anti-gal antibodies fobll, esgand

1993; Wimmer et al., 1996). In early embnjid is expressed hdch(Al_) Stage 10 er(nbry;ilshowiréh;gld g)_(plgesséo.n (gr;]reen)hin two g
; : alic segments (maxillary and labial) and in three thoracic discs
in the head region, but by the extended germ band stage tﬁpri"?nordia (T1-T3). Note that at this staD# (red) is not active in

EXpression dO”?a'” has exp_anded to the ven_tral region thoracic primordia. (B) Stage 13 embryos equally staindatdor
cephalic, thoracic and abdominal segments. During germ banglqpj| to show that at this stag!l is co-expressed withtd in the
retraction most of the abdominal and thoracic expression isorax. (C) Higher magnification of the thoracic disc primordia of a
lost, except in derivatives of the peripheral nervous system arghge 13 embryo. Note that the btd domain is bigger than that of DI.
the primordia of the imaginal discSplis not expressed in (D) Double staining fobtd andesgin a stage 14 embryo. Higher
early embryos, but from stage 11 onwards it shows the sameagnification is shown in F. (E) Stage 14 embryo stainebltétand
pattern asvtd (Wimmer et al., 1996). hdc Higher magnification is shown in G.

We paid special attention to the btd/Spl expression domain
in the thoracic imaginal discs primordia, as it may suggest a
novel function related to imaginal development. Double(Gonzalez-Crespo et al., 1998; Goto and Hayashi, 1999)
labelling with DIl and btd probes (Fig. 1A-C) indicates thiat  (reviewed by Morata, 2001) armdicis expressed in a similar
precede®ll expression, but by stage 12 the two genes are cgattern (C.E., G.R., M.C. and G.M., unpublished; Fig. 1E,G).
expressed in a group of thoracic cells. However, the DIl domaiwe have carried out double label experiments tithhdcand
is smaller and is included within the btd/Spl domain: there aresgprobes and found (Fig. 1D-G) that the expression of the
cells expressingtd that do not showDll activity, although all  two latter genes overlaps with that mfl (and with Sp1 not
the cells expressinDll expresstd (Fig. 1B,C). shown) in the thoracic disc primordia.

The ventral disc primordia include not only cells expressing The overlap of thétd and ofesgdomains indicates thatd
DIl but also other cells containing expressioesdargoesg  is also expressed in the hth domain, which is coincident with
and hdc, markers of the diploid cells that form the imaginalthat of esg(Goto and Hayashi, 1999). As the hth/esg domain
primordia (Whiteley et al., 1992; Hayashi et al., 1993; Weavemarks the precursor cells of the proximal region of the adult
and White, 1995). In late embryonic stagesgis expressed leg (reviewed by Morata, 2001) the embryonic expression data
in a ring domain surrounding th®ll-expressing cells indicate thabtd andSplare active in the entire primordia of
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Fig. 2. Expression obtd (blue),hth (green) andll (red)

in leg (A-C) and antennal (D-F) imaginal discs. (A) Triple
staining for three genes. (B)d andDII. (C) btd andhth.
Notice that thédtd domain overlaps partially with those of
DIl andhth, indicating that it is expressed both in the
proximal and the distal leg domain. The arrow indicates
the ventral region whetgtd andhth overlap. (D) Triple
label. (E)btd andDIl. (F) btd andhth.

the ventral adult structures, including the distal and
the proximal parts.

The different expression patterns in third instar leg
and antennal imaginal discs are illustrated in Fig. 2.
In the mature antennal disdtd expression is
restricted mostly to the region corresponding to the
second antennal segment, where it co-localises with
both DIl andhth. In the leg disdtd also overlaps in
part with DIl and with hth (Fig. 2A-C). The latter
result is significant, for the expressionf andhth
define two major genetic domains, which are kept
apart by antagonistic interactions (Gonzalez-Crespo
et al., 1998; Abu-Shaar and Mann, 1998). The fact
thatbtd is expressed in the two domains suggests that
its regulation and function is independent from the
interactions between the two domains. This
observation is consistent with the results obtained in embryos
(Fig. 1) and suggests that the btd domain includes the
precursors of the whole ventral thoracic structures regions from
the beginning of development.

btd and Sp1 are required for the formation of the
ventral disc primordia
The observation that the original btd/Sp1 domain includes the
DIl, hdc and esg domains suggested bidiandSplmight be
necessary for the activation of these genes and hence for the
formation of the primordia. Therefore, we studied whether the
loss ofbtd andSp1function affectDIl, esgandhdcexpression.
We also checked for the effect on the formation of Keilin’s
organs (KO), larval structures which share the same lineage of
the leg discs and known to requidl activity (Cohen and
Jiurgens, 1989; Cohen, 1990).

Larvae mutant for the strorgd*G8lallele are defective in
the formation of KOs (Fig. 3); in 45% of the larvae the KO are
absent and in the rest the KO are defective. The incomplete
effect of thebtd*G81 mutation in suppressing KOs suggested
that its function might be redundant and shared by another
gene, the obvious candidate be®gl As no individualSpl
mutation is available, we tested the contributioispito KO
formation by examining first instar larvae hemizygous for
Df(1)C52 (Schock et al., 1999), which lacks bditd andSp1l

Fig. 3. Effect of the loss obtd, SpIandDIl on the formation of

Keilin's organs (KO) and ventral pits (VP). The third thoracic and
first abdominal denticle belts are shown. (A) Wild-type segment
displaying the normal set of KOs and VPs, a pair of each per
segment. (Bptd*CG8llarva. Only one KO is present and it is
defective. The two ventral pits are present in this case, but they are
frequently lacking in the mutant larvae (see main text) X)) C52
larva showing complete absence of KOs and ventral pitD{Sj
larva. The KOs are always missing but the ventral pits are present.
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Fig. 4. Alteration of embryonic expression bfl, hdcand

esgin the absence diftd andSpXunction. (A) Wild-typeDlII
expression. The antennal (ant), maxillary (mx) and labial (Ia)
head segments contdl activity, as well as the three
thoracic (T1, T2, T3) primordia. (Bjtd*G8lembryo. The
expression in the antennal segment is lost and there is a
marked reduction dDll activity in the three thoracic

primordia (arrows). (CPf(1)C52embryo showing complete
loss ofbtd activity in the thoracic primordia. The expression
in the maxillary and labial segments is not altered.by-
Gal4/UAS-btdembryo exhibiting ectopibll expression in

5 ¢)e78 the abdominal segments, which do not normally coridin
activity. Note the expression in the amnioserosa cells
(arrow). (E) Ventral view of a wild-type embryo showindc
expression restricted to the anterior region of the ventral cord
and the thoracic discs primordia (arrows). [F{(1)C52

embryo with loss ohdcactivity in the thoracic primordia.

(G) Ventral view ofptc-Gal4/UAS-bteembryo showing high

LU CIECEERLN levels ofhdcactivity (compare with E). (H) Wild-type
expression of esg in the thoracic discs primordia. Wing (w)
and haltere (h) clusters are indicated. The three arrows point
to the three leg primordia. (&sgexpression in ®f(1)C52
embryo. Expression in the wing and haltere primordia
remain but no activity is seen in the region corresponding to
the leg primordia.

Df(1)c52 for the formation of KOs (Cohen and Jirgens, 1989).
) DIl expression ibtdX81and inDf(1)C52 embryos is
shown in Fig. 4: irbtdXG81 embryos there is a strong

reduction inDIl activity in the thoracic primordia when
compared with the wild-type, although the majority
still show some label (Fig. 4B). IDf(1)C52 embryos
Df(1)C52 there is ndll activity in the same primordia (Fig. 4C),
although in a few cases we observe some hints of
expression, which might be due to the maternal
(see Materials and methodBf(1)C52larvae shovbtdmutant  component ofSpl(Schock et al., 1999). In the two mutant
phenotype in the head as reported previously (Cohen amgnotypes, there is normBll expression in the labial and
Jurgens, 1990), but in addition we find that no KO are presemaxillary segments, where it does not depenttdiSpl
(Fig. 3). Both thebtd phenotype and the lack of KOs of The lack ofbtd andSplnot only suppressedsll, but it also
Df(1)C52 larvae are covered by the duplicatibp(1;Y) Iz*, affects the expression ¢fdc and esgin the imaginal discs
indicating that the responsible genes are located in the intervatimordia. InDf(1)C52 there is nchdc activity in the ventral
8E-9A, which containbtd andSpland about 40 other genes discs (Fig. 4E,F). There was some expression in the dorsal
(FlyBase). These results suggest that ldthandSplplay a  discs, especially in the prothoracic one, but the groups of cells
role in the formation of the disc primordia and that theircorresponding to the wing and haltere discs could not be
functions are partially redundant, but we cannot rule out thdiscerned clearly. The expressionesigis also affected (Fig.
possibility that some other gene(s) located in the 8E-9@H,l); it is abolished in the leg discs, but not in the wing and
interval may also be involved. haltere discs. Other markers of dorsal discs sucrestigial
We tried to test the specific contribution kil andSplto  (not shown) are also unaffected. Wdcandesgare considered
the mutant phenotype reducing their transcript levels by mears markers of the imaginal primordia (Hayashi et al., 1993;
of RNA interference.UAS-btdi and UAS-Spligenes were Whiteley et al., 1992; Weaver and White, 1995), their lack in
synthesised as described in Materials and methods and wehe ventral region obf(1)C52 embryos suggests that ventral
found to reduce significantly the transcripts leveldtofand  discs are not formed in the absencdliSpl
Spl(see Fig. 6). Various Gal4 linedljx-Gal4, ptc-Gal4, 444- _ )
Gal4, mata-Gald were used to test the effect of the two btd acts upstream of DIl and hdc in the formation of
constructs either separately or together. However, in contrafite disc primordia and appears to mediate the
with the results obtained for adult patterns (see below), weontrol by Wingless and the BX-C genes
failed to see a clear phenotypic effect. We suspect that althoudime results above demonstrate thtatand Splare necessary
the RNAI experiments significantly reduoi andSplactivity,  for normal DIl, hdc and esg expression. Moreoverptd
the remaining function is sufficient for the formation of ventralexpression precedes thatl@if, esgandhdc which suggests it
larval patterns. might act as an early activator of these genes. We have tested
The loss of KOs inDf(1)C52 larvae activity already this possibility by forcingbtd activity using the Gal4/UAS
suggested an alteration ¥l function, known to be essential method (Brand and Perrimon, 1993) and examining the effect
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on DIl and hdc expression. IlJbx-Gal4>UAS-btdembryos, A
btd activity extends from the second thoracic segment to th

seventh abdominal one. In this region, the presence of the B

product induces ectopidll activity in many places, although

not in all of the zones whetad is expressed (Fig. 4D). Those

embryos also show gain afic expression. Irptc-Gal4/UAS-

btdembryos there is a general gairhdtactivity in the ventral

region (Fig. 4G). In the case Dil, we checked whether there B
is a mutual requirement f@ll andbtd/Splgenes by looking
at btd and Splexpression irDIl mutant embryos. The result
was that their expression is normal, supporting the ideatthat
andSplact upstream obll.

The activator role obtd (and presumably o$pl on DI
suggests thattd and Sp1lmay play a role in mediating some
of the factors known to be involved DIl regulation during
embryogenesis. Previous work has identified some of thes
regulators, e.gwingless(wg), decapentaplegi¢dpp) and the
bithorax complex genes (Cohen, 1990; Vachon et al., 199:
Goto and Hayashi, 1997) and we therefore tested whether th
role is mediated by an effect &td andSpl

The secreted molecule Wg is necessary for the early activatic
of DIl in the (_:ephalic and thoracic primordia (Cohen, 199.0; GOt?-i . 5.btd expression in disc primordia requingg activity and is
and Hayashi, 1997)_' We f'n_d tha,t In th,e absenmncnon dc?wnregulatgd bybxin the fiPst abdominaclll seggment. ()l/Al)d
btd'Splexpression in the disc primordia is abolished, althouglypression in a wild-type embryo. Arrows indicate the three thoracic
it remains in the central nervous system (Fig. 5B). In additionmaginal primordia. (Bwg embryo lackingotd expression in the
early DIl expression is repressed 8gp in embryos deficient thoracic imaginal primordia. Dots of expression observed probably
for dppfunctionDIl expression is expanded (Goto and Hayashigorrespond to the precursors of the CNS. (C) Ibbxt mutant
1997). We observe a similar situation with ednti expression, embryo, there is an additional imaginal primordium in the first
which extends to the dorsal sidedpp mutant embryos (not abdominal segment, which also expredstegarrows).
shown). The BX-C genes act as repressorsDbfin the
abdominal region (Cohen, 1990; Vachon et al., 1992). Imgenes included in the interval 8E4-9C), these clones did not
Ultrabithorax (Ubx) mutations the first abdominal segment issurvive.
transformed into a thoracic one and correspondingly there is anThe negative result obtained witd*G81 clones was not
additional domain obll. We find thatUbx mutant embryos also conclusive because there was the possibility that the |dxd of
exhibit an additional btd/Spl domain (Fig. 5C) in the firstfunction could be rescued by that$1 which is expressed
abdominal segment. These results suggesbttiahediates the in the same cells. Besides, there is evidencehtigeand Sp1
regulation ofDIl exerted bywg andUbx. have partially redundant roles (Schock et al., 1999). We then

There are two major points emerging from the precedingested the imaginal requirements foid and Spl by RNA
results. The first is the delimitation bfd/Splactivity to a interference usingJAS-btdi and UAS-Spliconstructs (see
particular group of cells in the mid-ventral region of theMaterials and methods). As shown in Fig. 6, these are able to
embryonic thorax. This is achieved by the regulatory activitieseduce stronghptd and Spltranscripts levels. As a rule the
of wg, dpp the BX-C genes and perhaps of other factors. Thbtd-Gal4 driver was used to check on the morphological effects
second point is that once activatbttl/Splinduces the activity on legs and antennae. This driver was chosen because it directs
of genes likeDIl andhdc which are necessary for ventral disc expression specifically in the btd/Sp1 domain. Moreover, it is

LB
SRR

Ubx™

development. mutant for btd, thus diminishing the amount of wild-type
function in the combinations. The general result is that the

Requirement for  btd and Sp1 during imaginal inactivation of eithebtd or Splalone btd-Gal4>btdior btd-

development Gal4>UAS-Spl)i fails to affect legs and antennae; at most

As shown abovebtd and Spl are necessary for the initial some reduction of the tarsus was observed in sbide
formation of the disc primordia, but are also expressed iGal4>UAS-Splilegs. However, when the two genes are
mature ventral imaginal discs (Fig. 2), suggesting that theiactivated, as ibtd-Gal4>UAS-btdi UAS-Sp1Tiies grown at

may be required during imaginal disc development. To test th29°C, these are unable to hatch and the antennae and legs are
imaginal function we first induced a large number of markedffected in all cases, though to a different extent. The
btdXG81 clones (see Materials and methods) during larvamorphological effects are illustrated in Fig. 6A-C. There is no
period in all body structures, including legs and antennae. Athange of identity, but the growth is severely impaired. In the
these clones developed and differentiated normally accordirantennae the stronger effect is in the second segment, which is
to their position, and behaved like the twid* control clones. very reduced or absent. The first ant third segments are also
The specific function oBplcould not be tested because thereaffected in size, but the arista is normal. In the legs there is a
is no individual mutation at this gene. We tried to recovestrong reduction in size, which appears to affect all segments,
clones homozygous for tHef(1)C52, in which bothbtd and  which often fuse. We also observed similar but weaker effects
Splare deleted, but as expected (they are deficient for over 6@th the DIl-Gal4 line (not shown).
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bid Gald bid Gal4
bid Gald UASbidi btd Gal4 UASD-Sp1i

Fig. 6. RNA interference experiments. The
upper left panel shows the transcript levels
for RP49, as an internal control, andotd
andSpl Lanes 1 and 3 show normal levels
of btd andSp1lin controlbtd-Gal4larvae.
Lane 2 shows decreasktt levels in abtd-
Gal4>UAS-btdilarva (compare with lane 1).
Lane 4 shows the very lo@pltranscript
levels inbtd-Gal4>UAS-Splin comparison
with control (lane 3). (A) Wild-type antenna.
Antennal segments |, Il and Ill, and the arista
(ar) are indicated. (B) Antenna of a fly of
genotypebtd-Gal4d>UAS-btdi UAS-Sp1i.
Note the reduction in size of the segments |
and II. (C) Legs of a fly of the same
genotype. All leg segments are reduced in
size and often fuse.

iy

/ a:* ombGal4 lines (see Materials and

5
= A BN S methods). Thenub-Gal4 line confers
wild-type btd-Gal4>UAS-btdi UAS-D-Spli high expression levels in the wing pouch
and also in the corresponding region in
the haltere, reflecting accurately the
domain of activity of theubbingene (Ng
The pattern abnormalities observed in the double RNAgt al., 1995). The result of expressipigl in these regions is
experiment reflects a requirement during imaginal disdlustrated in Fig. 7C,D: the wings and halteres differentiate leg
development. Taking advantage that the phenotypbtd{f tissue. The leg tissue in these flies is not arranged in segments
Gal4>UAS-btdi UAS-Splilies is temperature dependent (atas normal legs are, but it is possible to recognise pattern
29°C there is strong effect, but at 17°C there is practically nelements corresponding to most leg segments; distal markers
alteration) we performed temperature shifts to ascertaiauch as claws are found as well as tarsal and tibia-like bristles.
whetherbtd and Spl are required during the larval period. The amount of leg tissue produced in each of these appendages
Shifting the temperature from 17 to 29°C during the second as greater than the corresponding individual legs, a
during the third larval period produced morphologicalphenomenon for which we do not have a clear explanation. In
alterations in the adult flies that were very similar to those dfavourable cases it is possible to find morphological markers
flies grown entirely at 29°C, indicating a requirement duringhat indicate the segmental identity of the leg tissue; in the wing
the late phases of imaginal disc development. segment the leg tissue often contains the ‘edge’ bristle that
The effects of RNA interference fit very well with the indicates second leg identity.
expression pattern in the antennal and leg discs (Fig. 2), andWe note thatbtd is able to induce a complete set of leg
indicate thatbtd and Splhave a imaginal function necessary structures even if its activity is induced in different regions of
for the growth of antennae and legs. This function appears the wing disc. For example, the MD743 anddh@>Gal4 lines

be redundant. drive expression in different and non-overlapping regions, the
) o ) hinge/pleura and the center of the wing respectively. Yet

Ectopic btd activity transforms dorsal disc MD743/UAS-btdand omb-Gal4/UAS-btdlies develop similar

derivatives into ventral ones. sets of leg structures in the wing disc derivatives, suggesting

The developmental potential of the Btd protein was tested bjhat btd has a capacity to induce leg development
inducing ectopidtd activity in different adult regions. In some independently of the local context.
experiments, we used Gal4 lines to direct activity in specific The transformation of wings and halteres to leg was also
body regions whereas in others induced flip out clondgdof observed in the flip out clones expressiitd. Both in the
expressing cells all over the body (see Materials and methodsaltere and the wingptd-expressing clones differentiate leg
The principal result is that ectopiatd activity is able to tissue. These clones normally appear as either vesicles of tissue
transform dorsal cephalic and thoracic adult structures into treegregated from the wing or the haltere, or as protruding tissue
corresponding ventral ones according to the segment. (Fig 7E,F). They tend to form leg patterns resembling the
The effect in the eye was studied with dyelessGal4 line, normal ones, which include the formation of various leg
which confers expression in the eye cells, and also inducirgegments, suggesting that the positional mechanism to form
marked clones obtd-expressing cells. Irey-Gal4/UAS-btd the proximodistal leg axis is being activated (see below).
flies the eye disappears and is replaced by an additional anteriviareover, these clones develop nearly complete leg patterns
which often fuses with the normal one (Fig. 7A). The saméndependently of the wing region where they localise. In the
transformation was observed in clonebtFexpressing cells: example shown in Fig. 7E,F, the clone is located in the
clones located in the eye differentiate antennal structures (Figosterior compartment but it forms a leg pattern that includes
7B). the ‘edge’ bristle, which corresponds to the inventory
In the thoracic segments we usedine-Gal4, MD743 and  structures of the anterior leg compartment.
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Fig. 7. Ectopicbtd expression induces transformation of =
dorsal disc patterns into the corresponding ventral discs. ufags
(A) Head of arey-Gal4/UAS-btdly completely lacking -
eyes and showing duplication of antennae. The
duplication is clear on the left side but not on the right
because duplicated antennae tend to fuse. (B) Clone of
btd-expressing cells marked witff (arrow) showing
transformation towards antenna. Compare with the
normal antenna towards the left. (C) Thorax afia-
Gal4/UAS-btdly. Wings and halteres are totally replaced C
by leg structures. Although overall leg patterns observed

in this genotype are abnormal, the individual pattern
elements of leg identity can be recognised. The inset
shows a high magnification of a region of a transformed
wing: all the bristles present an associated bract, a
typical feature of leg bristles (arrows). Note that the

v @
" nub-Gal4/UAS-btd omb-Gald/UAS-btd

L1

in all cases, indicating that the ectopic leg patterns have
acquired normal polarity. (D) Side view of amb-
Gal4/UAS-btdly illustrating the transformation towards
leg of most of the wing (halteres are also transformed
although they are not visible). Although there are
supernumerary leg structures, they often form local
arrangements that reproduce normal leg patterns. Arro
indicate tibia-like and tarsus-like patterns. (E) A large
clone ofbtd-expressing cells in the wing about to sort
themselves from the wing cells. (F) Higher magnification
of the clone in E showing the autonomously generated
leg pattern and the presence of an edge bristle, which is
characteristic of the midleg (arrow). i

iy

Ectopic btd recapitulates the formation of ventral dacand ofDll partially overlap, they occupy different parts of
discs primordia, including the activation of the Wg the clones (Fig. 9C-F). In some favourable cases (Fig. 9E,F),
and Dpp signalling pathways their domains define three different regions within the clone: a

The transformation of the dorsal into ventral structuresegion containing onlgacexpression, a medial one containing
described in the preceding experiments can be visualisethcandDIl and yet another only containiml activity. This
before differentiation takes place by the activation of specifiarrangement resembles closely the normal distribution of these
ventral genes, accompanied by the repression of dorsal onegenes products along the PD axis of the leg disc (Lecuit and
btd-expressing clones in the eye gain expressiddliodnd  Cohen, 1997).
hth (Fig. 8), the two selector-like genes that contribute to The same observation was made using Gal4 lines. For
antennal identity (Casares and Mann, 1998; Dong et al., 2008xample, inMD743/UAS-btdflies only the pleural region is
They also loseeyelessxpression (not shown). These clonestransformed towards leg and this transformation can be
adopt a round shape, indicative of having acquired differentisualised by a local outgrowth in the wing disc (not shown).
cell affinities, probably owing to the change of identity. In theAlthough the size of the leg outgrowth is varialda¢andDII
wing disc btd-expressing clones lose expressionvesétigial are differentially expressed in all discs examined. Their
(vg) (Fig. 8D,H), a gene that confers wing identity (Kim et al.,domains are overlapping but not co-extensive.
1996). In parallel these clones acquhth, dachshunddag The differential deployment of leg markers within the groups
andDIl activity (Fig. 8E-K). The gain olith expression is of of cells expressindtd suggested that the Btd product triggers
interest, as it occurs in clones located in the center of the wirte signalling mechanism, involving the Hh, Dpp and Wg
where there is no locdith activity. This suggests thdtd- pathways, that normally patterns the leg disc (Basler and
expressing clones tend to recapitulate the development of tisruhl, 1994; Lecuit and Cohen, 1997). We have checked this
entire leg disc, including the proximal region whéwh is by examining the expression efgrailed(en), wg anddppin
expressed (Rieckhof et al., 1997). This possibility was furthethe btd-expressing clones.
explored by generating large clones in the first larval period. The activity ofen marks the distinction between anterior
Their size facilitates the study of the expression of leg dis€A) and posterior (P) compartment, which is fixed during
marker genes. These clones often show a spatiallgmbryogenesis (Lawrence and Morata, 1977; Vincent and
discriminated expression difth, dac and DIl just like the  O’Farrell, 1992). Thus, all thetd-expressing clones, which are
normal leg disc; some are shown in Fig. 9. The activitiytbf initiated during the larval period, are originally either of A (no
is always restricted to the periphery of the clone (Fig. 9A,B)cell expresseen) or P (all cells expressn) provenance. We
whereaglacandDIl extend inside. Although the expression of find that many of these clones exhibitactivity only in part
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Fig. 8.Clones ofbtd-expressing cells in eye
and wing discs induce activity of
developmental markers of antenna and leg
discs respectively. (A) The arrow indicates a
clone ofbtd-expressing cells (blue) in the eye
field, inducingDll (red, B) anchth activity
(green, C). Other clones scattered in the eye
in the same picture also show similar effect.
(D) Clone (arrow) obtd-expressing cells
(marked by the loss of CD2, see Materials
and methods) in the wing disc showing loss
vgactivity (red, H). (E) Another clone in the
wing (arrow, blue) showing gain ath

function (green, I). (F) Clone inducing gain of
dac activity (red, J) in the wing. (G) Several
btd-expressing clones (some are indicated by
arrows) inducing ectopiDll activity (red, K).

(Wimmer et al., 1996) (this report), but
the functional significance of this
expression domain was not known.
Our work demonstrates a novel and
also redundant function diftd and Sp1
they are responsible for the formation of
the ventral imaginal discs by activating
the genetic network necessary for their
development. Furthermore, we show that
the Btd protein retains the capacity of
inducing the entire ventral genetic
network during the larval period. We
of the clone (Fig. 10A-D). Thus, depending on their originalpropose that the activation of btd/Sp1 is the crucial event in the
assignment they either gain or losa activity. Some are determination of the ventral structures of the adult fly.
located within the P compartment and therefore lege ) )
whereas others are in the A compartment and gainthe  btd and SpI are responsible for the formation and
formation of this sharp border @&n expression within the required for the growth of the ventral discs
clones is expected to originate a zonaedgehodhh) activity, = Our argument is based on the finding thtatand Splappear
which in turn induces local activation ofg anddpp (Basler to mediate all events connected with the formation of the
and Struhl, 1994). Indeed, we find thafanddppare activated ventral discs. We center the discussion in the leg disc, but there
in thebtd-expressing clones. This is illustrated in Fig. 10E-H,is evidence that antennal primordium also requitd§Cohen
showing that either gene is activated in pamtofexpressing and Jurgens, 1990). Moreover, we have also observed that the
clones. It is very likely that the appearance of the Wg and Dpgenital primordium is lacking iDf(1)C52 embryos (C.E. and
signals what induces the spatially discriminate expression @ .M., unpublished), suggesting that this disc is also under the
dacandDll in the clones. same control. Most of our experiments concern the function of
These results suggest timadl has the potential to induce the btd but given the expression and functional similarities
formation of the ventral imaginal discs, or at least the antennalketween the two genes (Wimmer et al., 1996; Schock et al.,
and leg discs. The effect is not restricted to the appendage par®99) (this report), we assume tlgilencodes the same or
it also extends to the proximal region, defined by the activityery similar role. Therefore, we will refer bod/Splas a single
of genes such dsth or esg(which is expressed in the same function.
cells ashth). One crucial feature is thhtdis an upstream activator Dil
andhdc which are considered developmental markers of disc
. . primordia (Cohen, 1993; Weaver and White, 1995): tt)
Discussion expression precedes that Bl and of hdg (2) the btd
The btd gene performs several roles in development. Previousxpression domain includes thoseldf and hdg (3) in btd
work has shown that it acts in combination wotthodenticle  mutants DIl andhdcactivity is much reduced, and completely
andempty spiracleo specify the development of mandibular, absent irDf(1)C52 embryos; (4) Ectopibtd function induces
intercalary and antennal segments (Cohen and Jurgens, 1980topic activation obll andhdc
Wimmer et al.,, 1993). The relate@pl gene, located The role ofbtd in embryogenesis can be illustrated in the
immediately adjacent tdtd (FlyBase) performs partially light of the models dbll regulation (Cohen et al., 1993; Kubota
redundant functions (Wimmer et al., 1996; Schock et al., 199%t al., 2000)DII is activated byvgand its expression modulated
in the peripheral nervous system and the head segments. Bath the EGFspitzand bydpp whereas it is repressed in the
genes are expressed in the primordia of the thoracic diseddominal segments by the BX-C genes (Vachon et al., 1992).




5938 Development 130 (24) Research article

X

Fig. 9. Ectopicbtd activity in wing induces spatially discriminated
expression of leg developmental markers. (A) Langeexpressing
clone (blue) inducelth activity (green), but only on the periphery
(B), resembling the disposition of the normal leg disc. (C) Another
btd-expressing clone showing non-homogenous gain of DIl and dac
activity: all cells expresBll (red) but only about half gaitac

(green, D). (E) Another clone (arrow) showing a spatial deployment
of dacandDIl resembling closely that along the PD axis in the
normal leg (F)dacactivity alone (greengacandDIl (yellow), and

DIl only (red). In the normal leg, these patterns of gene expression
would correspond to the positions of the femur, tibia and tarsus,
respectively.

Fig. 10.Ectopicbtd activity induces the production of

morphogenetic signals in the wing and haltere discs. (A) Clone of

btd-expressing cells in the wing disc showegactivity only in part

of the clone (arrow, B). (C) Two clones in the haltere disc both

) o ) showingenactivity inside the clones but only in some cells (arrows,

Our experiments suggest thzit regulation is mediated Wytd: D). (E) Local gain ofvg activity in a clone obtd-expressing cells.

in wg mutants there is nbtd expression and hence neitlidt  Only some cells show higlig levels (arrow, F). (G) Clone ditd-

nor hdc activity. In dpp mutant embryosbtd expands to the expressing cells in the hinge region of the posterior compartment

dorsal region resembling the effect B (Goto and Hayashi, showing gain ofippactivity in some cells (arrow, H).

1997). InUbx embryos there is an additional group of cells in

the first abdominal segment expresding the same cells that

also expresBll in those embryos. The interpretation of the rolepresence of the Btd product alone is sufficient to bring about

of btd mediating DIl regulation byUbx is complicated by ventral disc development. In the wing and the haltere discs, Btd

previous observations (Vachon et al.,, 1992) showing direghduces a transformation into leg, whereas in the eye it induces

repression oDIl by the Ubx protein. It is possible thebx  antennal development. This indicates that it specifies ventral

regulatesDIl both directly and by controllingtd activity. disc identity jointly with other factors, e.g. the Hox genes,
We propose that the localisation bbfd/Splactivity to a  possibly through the activation of subsidiary genes such as

group of ventral cells is a major event in the specification obll, known to contribute to ventral appendage identity in

adult structureshtd andSplare activated in response to spatialcombination with Hox genes (Gorfinkiel et al., 1997).

cues from Wg, Dpp, EGF and BX-C, and in turn their function The requirement fobtd and Sp1l activity appears to be

induces the activity of the genes necessary for ventral imaginegstricted only to the ventral discs, even during the early phases

development. of the thoracic disc primordia. In this context it is worth
This hypothesis is strongly supported by the results obtainezbnsidering the observation thatfi(1)C52 embryos there is

inducing ectopicbtd activity in the dorsal discs, as just the esgexpression in the wing and haltere disc primordia, even
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though it is absent in the leg discs. Thus, the wing and halterermal leg development. The result of this process is that the
discs are formed in the absencebtd and Spl Because in  hth, dac and DIl genes are expressed in different domains
these embryos there is a almost complete lackDBf contributing to form leg patterns containing DV and PD axes.
expression, this observation raises the question of the origin &ne question for which do not have a clear answer is how the
the dorsal thoracic discs, which are currently considered timitial asymmetry is generated, so that a few cells within the
derive from the original ventral primordium, formed by cellsgroup gain (or losegnactivity. We have observed that the cells
expressingDIl (see Cohen, 1993; Kubota et al., 2000).expressingnwithin the clones are (Fig. 10A-D) those closer
Although some of the original group of ventral cells mayto the posterior compartment cells. It is conceivable that there
contribute to the dorsal disc primordia, our data suggest thatight be an external signal, perhaps mediated by Hh, which
there may be cells recruited to form the dorsal discs that do notggers the initial asymmetry.
originate in the initial ventral primordium. Accordingly, it is  The ability of cells expressindgptd to build their own
worth considering that in the absenc®dfactivity the leg and patterning mechanism is also indicated by the observation that
wing discs are formed (Cohen et al., 1993), although the leigducingbtd activity in different parts of the wing disc results
only differentiates proximal disc derivatives. Thus, the activityin the production of similar sets of leg pattern elements. For
of DIl cannot be considered a reliable marker for imaginaéxample, ilMD743/UAS-btdandomb-Gal4/UAS-btdlies, btd
discs. is induced in different, non-overlapping wing regions, and yet
Our RNA interference experiments also indicate that botlall leg pattern elements are produced in both genotypes. Thus,
btd and Splare required for the growth of the antennal andhe effect ofbtd is by and large independent of the position
leg discs. When the two gene functions are reducedhere itis induced, e.g. it does not depend on local positional
simultaneously, leg segments fuse and there is an overalgnals.
reduction in the size of antennae and legs. The reduction of A relevant issue is whether the ability of the Btd product to
growth affects the proximal and distal regions of the appendageduce the formation of the full array of ventral structures has
(Fig. 6), and assigns a role to the expression observed in thefunctional significance in normal development. We believe
imaginal discs. The two genes are able to perform this functiaiihat this property may be a faithful reflection of the original
on their own, for the inactivation of only one is not sufficientbtd/Spifunction: the activation of the developmental program
to impair growth. This conclusion is also supported by théo build the ventral adult patterns. We envisdnyd/Spl
observation that mutaritd clones do not have any effect, as function as follows. During the embryonic period, the
they still possesSplactivity, which is sufficient for normal conjunction of several regulatory factors (Wg, Dpp, EGF, Hox
development. At this point we do not know the mechanism bgenes) allows activation d&td/Splin a group of cells in each

which btd/Splmay affect growth. thoracic segment (we assume a similar process takes place in
o _ ) the head). These cells become the precursors of the ventral

btd activity induces the entire genetic network imaginal discs and will eventually form the ventral thorax of

necessary for leg development the adult — which includes the trunk (the hth domain) and

One particularly significant result about the mode of action odppendage (the DIl domain) regions. The activitptdiSplis
btdcomes from the analysis of the ectopic leg patterns observéustrumental in segregating these ventral discs precursors from
in the wing and halteres. The cells expresdig tend to  those of the larval epidermis and determining their imaginal
recapitulate the complete development of leg and antennfdte. It is involved in specifying their segment identity (in
discs. For example, the whole genetic network necessary tmllaboration with the Hox genes) and in establishing their
make a leg appears to be activatetd.induces the activity of pattern and growth. To achieve the latter tai@/Splinduces
hth, dacandDlIlI, the domains of which account for the entirethe production of the growth signals Wg and Dpp, probably in
disc (Lecuit and Cohen, 1997; Abu-Shaar and Mann, 1998jesponse to localised activationesfand subsequent signalling
Furthermore,hth, dac and DIl are activated in a spatially by hedgehodhh).
discriminated manner: in the clone shown in Fig. 9AiBis A problem with this model is that in normal development all
expressed only in the peripheral region, resembling the normtie genes involvedith, en hh, wg anddpp, are expressed in
expression in the leg disc; in the clone in Fig. 9E,F thembryos prior tobtd/Spl Why should a new round of
discriminate expressions dfac and DIl define three distinct activation be necessary? Although we cannot offer a totally
regions. The formation of the dac and DIl domains is dependesatisfactory answer, we note that clonebtdfexpressing cells
on signalling from Wg and Dpp, although they require differentn wing or haltere lose their memory effi expression. Those
signal thresholds (Lecuit and Cohen, 1997), but the hth domathat originated in the A compartment had no previeas
is independent from Wg and Dpp (Abu-Shaar and Mann, 1998&xpression, but gained it in some cells. Conversely, all cells in
The generation of distinct hth, dac and DIl domains withinP compartment clones containedactivity but some lose it.
the clones suggested that-expressing cells in the wing and The best explanation for this unexpected behaviour ishtdat
haltere generate their own signalling process. Indeed, we fimatovokes a ‘naive’ cell state in which the previous commitment
that within these clones there is local activationenf the  for en activity is lost. Latergn activity is re-established. We
transcription factor that initiates Hh/Wg/Dpp signalling in believe this phenomenon may reflect the process that occurs in
imaginal discs (reviewed by Lawrence and Struhl, 1996). normal development. The initial btd/Spl domain may not
expressing clones also acquirg anddpp activity in subsets inherit the previous developmental commitments and has to
of cells (Fig. 10). It is probably in the boundary e build a new developmental program. It is worth considering
expressing with non expressing cells where the Wg and Dppat thebtd/Spfunction appears to determine ventral imaginal
signals are generated de novo; subsequently, their diffusidate as different from larval fate. This is a major developmental
initiates the same patterning mechanism which operates durinigcision, which may require de novo establishment of the
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genetic system responsible for pattern and growth. A kegorfinkiel, N., Morata, G. and Guerrero, I. (1997). The homeobox gene

aspect of this would be the localised activatioemin part of Distal-lessinduces ventral appendage developmenbDiosophila Genes

. f Dev.11, 2259-2271.
the btd/Spl domain. We speculate that there mlght be a Shogoto, S. and Hayashi, S(1997). Specification of the embryonic limb

range ;lgnal, perhe_lps Hh, emanating from_ neadw primordium by graded activity of decapentaplegi@evelopment 124,

expressing embryonic cells, that acts as an inducer in thei2s.132.

btd/Spl primordium_ There is evidence that Hh can indumce Goto, S. and Hayashi, S(1999). Proximal to distal cell communication in

activity (Guillen et al., 1995)_ the Drosophilaleg provides a basis for an intercalary mechanism of limb
patterning.Developmeni26, 3407-3413.
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