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SUMMARY

In the leg and wing imaginal discs ofDrosophila the
expression domains of the homeobox genesistales (al)
and Distal-les (DIl) are defined by the saeted signaling
molecules Wingless (Wg) and Decapentaplegic (Dpp).
Here, theroles played byal and DIl in patterning the legs
and wings have been nvestigated through loss of function
studies. In the dveloping leg, al is expessed at the
presumptive tip and a molecularly defined null allele oél
reveals that its only function in patte ning the leg appears
to be to drect the gowth and differentiation of the
structures at the tip. In contrast,DIl has peviously been
shown to berequired for the development of all of the leg
more distal than the coxa. DIl potein can be detected in a
central domain in leg discs thoughout most of larval
development, and in matue discs this domain caresponds
to the distal-mostregion of the leg, the tarsus and the distal
tibia. Clonal analysisreveals that late in development these

are the only regions in which DIl function is required.
However, earlier in development DIl is required in mae
proximal regions of the leg suggesting it is expssed at high
levels in these cells early in é/elopmentbut not later. This

reveals a corelation between a temporarequirementfor

DIl and position along the poximodistal axis; how this may
relate to the generation of the P/D axis is discussddll is

required in the distalregions of the legor the expression
of tarsal-specific genes includingal and bric-a-brac. DIl

mutant cells in the leg sort out fom wild-type cells
suggesting one function oDIl here is to contol adhesive
properties of cells.DIl is also required for the normal

development of the wing, primarily for the differentiation

of the wing margin.

Key words:aristales (al), Distal-less (DIl), Pattern formation,
Proximodistal axisDrosophila melanogastget.eg, Wing

INTRODUCTION

Secreted polypeptide signaling molecules belongingveral
different families, such as Wnts, T@dand Hedgehogsave
been sbwn to direct cell
development, in avariety of animal systems. IBrosophila

patterning of theegs and wings isa@yerned in lage part by

the products of thevingles gene (Wg, a Wnt) and of the
decapentapic gene (Dpp, a TGE reviewed by Lawrence

and Struhl, 1996) which arexpressed irventral and dorsal
regions of the eveloping kg, respedvely, so that there is only
a single site wherewg- and dpp-expressing cells are
juxtaposed: the presuniyg distal tip (Campbell et al., 1993).

secondy, to use these data to address the questioovoitig
and Dpp direct the formation of this axis.

At least wo models hve been proposed &plain how the
Wg/Dpp combination controls the formation of the P/D axis.

fate choices made during Originally, it was suggested that anrganizer may be

established at the site where Wg and Bygressing cells were
juxtaposed; this site corresponds to the presiemistal tip

of the kg, which is characterized by thexpression ofal
(Campbell et al., 1993; Fig. 1A,B). The pixat distal
organizer would act as the source of a secondary signal which
would direct outgowth and define cell identity along the P/D
axis. It was also suggested thhinay play a role in the detty

of this aganizer because nagression ofal can result in

The combination of Wg and Dpp signals directs the formatiosecondary P/D x@s in the wing. This could not be tested

of the proximodistal axis (P/D; base to tip) in teg(Campbell

genetically because a null alleleafwas notavailable.

and Tomlinson, 1995; Campbell et al., 1993; Diaz-Benjumea More recent}, it has been proposed that Wg and Dpp may

et al., 1994) andeseral tagets of this signal combinatiorale
been identified including the homeobox gemnéstaless(al)

define cellfates along the P/D axis directly rather than by
inducing a secondary signal (Lecuit and Cohen, 1997). It was

ard Distal-less (DIlI; Campbell et al., 1993; Diaz-Benjumea et shown thatexpression of dwnstream tegets of the Wg/Dpp
al., 1994). The aims of this paper are, fitstb determine the combination were aistated or lost cell autonomously faNing
role played byal andDll in the formation of the P/D axis and, acivation or loss of the Wg or Dpp signaling pathways. One of
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these targets wall. Genetic studies have shown tidt is  this study showed that misexpressionDif can induce the
required for the normal development of the legs and othetevelopment of secondary P/D axes in the leg (Gorfinkiel et
serially homologous structures such as the antennae. Nuall., 1997), but the effect appears to be indirect because the
mutants are embryonic lethal and show a loss of the Keilin'ectopicDIl appears to induce ectopigy expression which in
organs, sensory structures thought to represent larval legsn induces ectopic expression of the endogemilugene.
(Sunkel and Whittle, 1987). Leg imaginal discs develop in thes€he reason why ectopi®ll might induce ectopicwg
mutant embryos but do not have the potential to form leg tisswexpression is not clear, but is strikingly similar to the situation
more distal than the most proximal segment, the coxa (Cohdallowing ectopical expression in the wing (Campbell et al.,
et al., 1993). This supports the results of clonal analysis with993). This study also demonstrated a roléfibin patterning
null mutants which demonstrated an autonomous requiremettte wing where it appears to have a nonautonomous role in the
for DIl activity in all of the leg more distal than the coxa (Coherdifferentiation of the wing margin.
and Jurgens, 1989a); it was proposed EHiis required in the Here, the role ofl and DIl in patterning the appendages is
legs and antennae to elevate development above the ‘grouimstestigated by clonal analysis with null alleles. A molecularly
state’ of body wall/coxa and that the homeobox geneharacterized nulll allele is described and clonal analysis shows
extradenticle may define this state (Gonzalez-Crespo andhatal is only required for the growth and differentiation of the
Morata, 1996). More recently, it has been suggestedDihat tip of the leg and not for the formation of the P/D axis. A detailed
may be a ‘master control’ gene for defining ventral appendagetonal analysis with a nulDll allele is described and reveals a
because misexpression in the dorsal appendages, the wings, o@re complex spatial and temporal requiremenbfbalong the
result in transformations to legs (Gorfinkiel et al., 1997). P/D axis of the leg than was previously realised. The rdi#lof

In addition to this absolute requirement for leg developmenin establishing the P/D axis of the leg is discussed in the light of
analysis of hypomorphic mutants suggested BHamay also  these results, along with what this data may reveal about how Wg
play an active role in specifying cell fates along the P/D axisand Dpp specify positional identity along this axis.
Hypomorphic mutants can result in the deletion of distal
segments and a compression of the P/D axis in the leg; magst
of the hypomorphs fall into an allelic series with the weake ATERIALS AND METHODS
alleles showing only mild effects whilst in the strongest,a/and DIl fly stocks
patterning of all the leg segments, apart from the coxa, iS|ISALis a null allele (Cohen et al., 1989)lI3 is the strongest
disrupted (Cohen et al., 1989; Cohen and Jurgens, 1989jpomorph (Cohen and Jurgens, 1989b; Sunkel and Whittle, 1987).
Sunkel and Whittle, 1987). Consequently it was suggested thalt®e is the strongest allele that survives to adult (Campbell et al.,
there is a graded requirement Rit activity along the P/D axis 1993).al'*®is associated with the inversion In(2L%° (Schneitz et
with the maximal requireme *
being distal and that this m
correspond to a graded distribut
of DIl protein (Cohen and Jurgel
1989b). However, subsequ
cloning and expression stud
revealed thaDIl expression is ni
graded in the leg disc, but I
protein can be detected at unifc
levels in the presumptive dis
region of the mature third instar |
disc corresponding to the tarsus
the distal tibia and also in
proximal ring (Diaz-Benjumea
al., 1994; Panganiban et al., 19
Fig. 1E,F). This presents a parac
late in development DIl can
detected only in the tarsus and di
tibia, but the genetic data reve
that DIl function is also require
more proximally, in the femur ai
all of the tibia. This is complicatt
by a more recent study whi
questioned whereDll is actually
expressed because, when anal

Fig. 1. Wild-type legs and wings. (A,E) Late, third instar leg discs, (B,F) partially everted legs,

. : (C,G) late, third instar wing discs, (D,H) partially everted wings. Upper panels showing Al

in adults, eDll-Gal4 line appears . expression (antibody), middle panels DIl expression (antibody). In the legs, Al is restricted to the
be expresseq throughout the t tip; DIl is expressed in the presumptive tarsus (ta) and distal tibia (ti; it is also expressed in a more
and weakly in the femur, ie. proximal domain that is out of focus on these figures). In the wing Al is expressed in an anterior
regions where no DIl protein can  domain extending proximally from the tip, whilst DIl shows graded expression centred on the wing
detected in imaginal dis  margin. (1) Adult leg. (J) Tip of leg. (K) Adult wing. ¢, claw; cl, claw organ; co, coxa; e,

(Gorfinkiel et al., 1997). In additic  empodium; fe, femur; p, pulvillus; ta, tarsus; ti, tibia, tr, trochanter
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al., 1993); homozygotes survive to adulthood. em212-Gal4 is an inseéBodt and F. Laski, personal communicatioffygal, (Cappell).

in theDIl gene and was used here because in combination with a UASnhmunofluoresence was viewed on Bio-Rad 600 and 2410 confocal
DIl line it can rescudll mutants, suggesting its expression closelymicroscopes.

resembles that of the endogenous gene (Gorfinkiel et al., 1997). UAS-

lacZ was from Bloomington (4-1-2), Act5C>Dtahuc-lacZ was

from Struhl and Basler (1993), UAS-FIp was from G. StruhlRgsULTS

(unpublished).

Generation of al null allele Generation and phenotype of  al®*, a null al allele

I(2)k16513is a P-element line from the Berkeley Drosophila Genome® null allele ofal was generated by deleting a small region of
Project (BDGP) mapped to the same regiomlagSpradling et al., DNA, including all of theal transcription unit but no other
1995). The precise location of the P-element was determined kyenes, through the imprecise excision of a closely linked P-
plasmid rescue of flanking DNA to be justtd the Rpl135gene  element inserted just ® theRpl135gene (encoding a subunit
(Kontermann et al., 1989; accounting for the lethality of this line) anghf RNA polymerase lll; Kontermann et al., 1989) and 17'kb 3
flies (Robertson et al., 1988) produced a male, X21, wittalan kb deletion of genomic DNA removing all of thal

phenotype oveall that still carried thev+ marker of the P-element. L o . e . .
Plasmid rescue of flanking DNA showed the ends of the P-element %r _nscrlptlon unit; no others have been identified in this region

X21 to be intact and that theéehd was identical to that §P)k16513 9. ZB) The P-element remains intact in ).(21 and, although
However, the Send was now located o theal transcription unit  the original line has no detectaltdeZ expression, X21 has an
revealing X21 to have a deletion of about 26 kb including all of the€Xpression pattern corresponding to a subset of trt(Bigs

al transcription unit (Fig. 2B). X21 is still lethal ovi2)k16513 but ~ 1A,C, 2D,E). X21 is a double mutant faF and Rpl135 but
mobilization of the P-element resulted in several revertants viable ovgrecise excision of the P-element reverted the mutation in
I(2)k16513.Southern analysis of onal®® showed that, at this level Rpl135 resulting in a line mutant only fad: al®*

of resolution, it was associated with a precise excision of the P- glex homozygotes die as embryos with no obvious
element of X21. phenotype. The phenotypeait overal®Xis similar to that over

a deficiency, including the loss of the arista. The embryonic

Clonal analysis .
Y !éethallty and some of the adult phenotypesléfare rescued

This was done using the FRT/flp technique (Xu and Rubin, 1993) wit

and without Minutes (Morata and Ripoll, 1975) using the followin y a genomic fragment containing th‘? transcr_iptio_n unit
stocks. ( P ) using g(Campbell et al., 1993). To characteriakfunction in the

(1) alex Minute+ cuticle clonesy; al®% stc, FRT39EDp(1:2sct?,  development of the leg and wing, large homozygous clones of
M(2)201, FRT39E hs flp Clones arey (y+ is carried in thesc  al®* were generated early in larval development using the
duplication), which marks all the bristles, and are mutargtiwhich
marks the hairs on the wing (Jiang and Struhl, 1995).

(2) Wild-type andDI | A 1(2)k16513

DIl cuticle clones (non-Minute):y, hs flp; FRT42 shg 12)k16513 D
DIISAYFRT42 CD2.2R.1

DIl disc clones (non-Minutey, hs flp; FRT42 sha D¥WYFRT42 -200 -180 -160 4
arm-lacZ — - - b

Wild-type clones: as above, without tBé SAL RS WS MRS 88

Minute clones: with M(2)60E on tharm-lacZ or the CD2.2R.1 ~M m .
chromosome. aristaless Rpll135

Cuticle clones arg (y+ is carried in theCD2.2R.1transgene) and +
are mutant foshawhich marks all the hairs on the wing, but does
not affect the wing margin bristles and hairs (Phillips et al., 1990)
Clones in the disc lose the ubiquitously expresaed-lacZ marker B X21 E -
(Vincent et al., 1994)FRT, hs flpandy+ transgenes: described by < :: i
Chou and Perrimon (1992); Jiang and Struhl (1995); Xu and Rubi —+— —+ .
(1993). Other markers and chromosomal rearrangements a : =
described by Lindsley and Zimm (1992). *

To generate clones in larvae, vials were given a 1-hour heat sho %

at 35C once during development. For thé study, this was done at C alex

the following times after egg laying: 40-48 hours (corresponding tc

1st instar), 48-60 (early second), 60-72 (late second), 72-84 (ear ——i— [T

third) and 84-96 (mid third). Embryos were given a 1-hour heat shoc RS L

at 37C between 3-6 hours after egg laying. For each time period au

least 75 legs were examined. The number of segments bearing cloriég 2. Generation o&l®X a null allele ofal. (A) Molecular map of
was calculated as a percentage of the total number of segments scaregion 21C1,2; coordinates correspond to Schneitz et al. (1993).
(the numbers do not represent the total number of clones because m(Bg Mobilization of thel(2)k16513P-element resulted in an excision
than one clone may be present in a single segment and a single clavent, X21, where the P-element remained intact, but there was a

may contribute to more than one segment). complete deletion of thal transcription unit. X21 is mutant fai
) and is still lethal ovel(2)k16513 (C) Precise excision of the P-
Immunolabelling element of X21 leads to reversion of the lethality ¢@k16513

The basic technique and Al antibody: Campbell et al. (1993). OtheFhis chromosomeal®X is only mutant foal. (D,E) Leg and wing
antibodies: DIl (Vachon et al., 1992); Cut (Blochlinger et al., 1988)discs from X21 showin§-gal expression (antibody); these are a
Achaete (Skeath and Carroll, 1991); Bab, raised to Babll (gift of Dsubset ofil (see Fig. 1A,C). BBanHI; R, EcoRl; S,Sal; X, Xbd.
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A /ﬁ:.’.‘_i; == alex A 1 B i C D & .r;

co &P ti %‘E M+ clones | o . . :
fe L § é

r et : 7
R — S
| b1} . DI cx-al wi: a-bab DIl : .- bab
ey = . ice —
e ' al al

al Fig. 4.Al and Bab expression iDII3, a hypomorphic mutant.
E (A) Adult leg fromDII3homozygote. The leg is truncated at the end
ﬂ"_ﬁ_; ¢ . of the tibia (ti) so the tarsus is absent; the tibia and femur (fe) are
;(Q\ : reduced in size. (B) Al expressioniii3leg disc. The central
" / domain of Al is absent (compare to Fig. 1A). (C) Bab expression

(antibody) in a wild-type leg disc. Bab is expressed in the
presumptive tarsus in the central region of the disc (but is absent
from the very centre). (D) Bab expressiorDih® homozygote. Bab
expression is lost.

ex
al =~ M+ clones

Fig. 3. Phenotype ol mutations. (A) Adult leg consisting largely of homozygotes of which survive to adults (Fig. 3C), but are more
al®clones (Minute technique). The P/D axis of the leg is normal ~  severe than those of another molecularly defined aléi#,
apart from the tip. (B) Magnification of the tip in A; the claw organ isj, \which an inversion breaks in theehd of the gene (Schneitz
completely absent (compare with Fig. 1J) and the last two tarsal et al., 1993; Fig. 3D). Outside the appendag@slones show

segments are reduced in size (compare with D). (C) Tip of leg from .
al'°® homozygote; this is identical to that in B. (D) Tip of leg from extremeal phenotypes in the sternopleurum and scutellum.

alt3homozygote; this phenotype is weaker than that in B and C: a L
rudimentaryyglaw (Whitg arrovtvyhpead) and the pulvillus (black al and bab expressionina DIl hypomorph
arrowhead) are present. The tarsal segments are of normal size.  DlI® is the strongest hypomorph in which all of the tarsus is
(E) Adult wing consisting almost entirely af*%clones. Thiswing is  deleted and the tibia and femur are reduced in size (Fig. 4A,
patterned normally apart from a gap in the proximal part of vein Il Cohen and Jurgens, 1989a; Sunkel and Whittle, 1987). The
(arrow) and widening of vein Il particularly near the margin. expression of two genes required for the patterning of the tarsus,
al andbric a brac(baly Godt et al., 1993) was examinedit3
leg discs. In wild-type discsg] is expressed in the centre of the
Minute technique. In the wing the only clear phenotypedisc (Fig. 1A) andbab in the rest of the presumptive tarsus
associated with these clones is a deletion of part of vein Il (FigGodt et al., 1993; Fig. 4C). IBII3 leg discs naal or bab
3E). In the leg the only region affected by the clones is the tipxpression can be detected in the centre of the discs (Fig. 4B,D).
of the leg where the claw organ is completely deleted (Fig. o
3A,B). To delete both claws, clones have to be present in bofd// clonal analysis in the legs
anterior and posterior compartments. These phenotypes atéonal analysis was performed with a null all&éSAY(Cohen
identical to those produced by the stromd°® allele, et al.,, 1989). Clones were generated in a non-Minute

Fig. 5.Phenotype obllSAlmutant \ - ke
clones in adult legs. The clones are A\:‘ emb g}__& emb C/ fe \emh D \ " mid 3rd

. <
yellowand were generated at different R — f c"'}‘ B e 1 —
times during development (indicated in¢® 4 _-‘qt} j == . e |
the top right). Those showninFand G~ = | \"‘ ; P eSS S 23 T\
were generated in a Minute : £ RN [y
- 5 — .{
background. (A) Clone in coxa (arrow) tr N = f/{;

has developed normally. (B) Patternin

of the trochanter has been disrupted: SE F M-I:,fegyly 2d |G M+, early 2nd
there is some outgrowth ventrally and IT T ﬁe'l".‘, _

although noy bristles can be detected -‘-";t"" < L\ @3‘&.‘ =
externally (not shown), internal - g A Ty i \
cuticular vesicles can be identified : co h e ta L%
containing at least ongebristle (arrow). ta Y . co- ?

(C) Large dorsal clone in femur y .]
(between arrows) has developed

normally, although none of the mutant bristles has a bract. (D) Numerous clones in the tibia have developed normallyydne afée
mutant bristles (two arrowed) have bracts. (E) Tip of the leg containing numerous cuticular vesiclesydssilgienside the leg is arrowed.
(F) Severe leg truncation consisting entirely of mutant tissue. Only the coxa has developed normally. (G) The tarsusvépeas d
normally and is genotypically wild-type, but the trochanter (tr), femur (fe) and tibia (ti) have not. The tissue betweewdlis eomposed
distally of wild-type tissue and proximally of mutant tissue.
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background at various times during development and themat DIl is expressed in more proximal regions earlier in
resulting adult legs were compared to legs containing wild-typdevelopment, the following line was generated: UAS-FIp/DII-
clones generated at the same time. Legs were scored for Bal4; ActS5C>cassette>nuc-lacZ. Flippase (Flp) will be
presence of a clone in each of the leg segments, whether tepressed only in cells expressiBby and this in turn will
clonal tissue had developed normally and whether the leg we<

truncated. When abnormally patterned tissue failed t

differentiate bristles that could be scored (see below), th Tablel. Percentageof leg segmentscontaining wt or DI clones

abnormality was assumed to be due to the presencBlb¥d generated at different times during development
clone a_nd sco_red as such. The results are summarised in_ Ta embryo| 1st | early | late | early | mid
1. Previously it was shown thatl clones genergted early in ond  2nd 3rd 3rd
development failed to be recovered in the region more dist: 100- | | [ | |

than the coxa, whilst later in development phenotypically wild-
type DIl clones (but lacking bracts) could be recovered in the
proximal tibia and femur but not in more distal regions where
they segregate out as cuticular vesicles (Cohen and Jurge
1989; Gorfinkiel et al, 1997). These results are generall
supported by the present study (Fig. 5) which provides mor
detail as to the temporal requirement@dlrin the different leg
segments (Table 1) showing that the requiremerDfoin the
femur and most of the tibia is lost by about the early thirc
instar. Additional observations include a clear difference in th
time at which normally patterned®IlSAl clones can be
recovered in the dorsal compared to the ventral femur (hel
‘ventral’ corresponds only to the ventral thir@t SALclones
can be recovered in the dorsal femur when they are generai
at any stage in development (Table 1; Fig. 5C), although ear
in development their frequency is reduced compared to wilc
type. In the trochanter, almost no wild-typdl clones are
recovered at any stage in development (Fig. 5B); there is
proximal ring ofDIl expression in the third instar leg disc that
probably corresponds to the trochanter.

When a leg is composed almost entirelyDifSAL mutant
tissue (using the Minute technique) then the region more dist
to the coxa is represented only by a small stump of tissue (Fi
5F). A marked reduction in the P/D axis can be identified ir
leg discs consisting almost entirelyidif SAltissue (Fig. 6C,D),
showing that the leg truncations produced by losBlbfare
not caused simply by cell death late in development but me
be caused by disruption of normal patterning and growth c¢
cell survival during development. In discs containing largel
regions of wild-type tissue, this tissue is generally found in th
centre of the disc surrounded Byl SAltissue (Fig. 6E,F) and
contrasts to wild-type clones which form irregular patterns
contributing to any region of the leg. Legs derived from thes
type of discs develop normal distal regions, but the leg betwee
this region and the coxa is aberrant: there is a marked reducti
in growth, the division into segments is disrupted and the siz
and density of bristles is reduced (Fig 5G). Leg disc:
containingDlIl clones were also stained for Vestigial expressior
to determine if the mutant tissue might be transformed int
wing. No ectopic Vestigial expression could be detected i
these discs (not shown).

DIl expression in legs

Previous studies @Il expression in developing legs suggestec
that the protein is restricted to the presumptive tarsus and dis
tibia. However, the mosaic analysis presented here indicates | mi
requirement fobll gene function in the presumptive femur and embryo| 1st | early| late | earlyl mid

proximal tibia early in development. Ifll is expressed in the 1 , 2nd | 2nd | 3rd o 3rd

more proximal parts of the leg early but then lost from this i i .
region then this would account for these observations. To shc [t IO - normal [_]oi - abnormal [I] truncation
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remove the Flp-out cassette, thus switching on expression
lacZ in these cells under the constitutive Actin promoter anc
providing an inherited marker foDIl expression. The
probability of the Flp-out event happening in any given cel
will depend upon the strength of Gal4 expression and th
length of time it is expressed. Analysis of third instar leg disc
from this line reveals that clones expresspwgal can be
detected anywhere in the leg disc (i.e. including regions outsic
of the central DIl protein-positive domain), but at much highel
frequency in the centre of the disc, suggedhiigs expressed
early in development in all the leg disc cells (Fig. 7A).

As an alternative approach we utilized the phenomenon ¢
perdurance of protein products to investigate whether eviden
of earlierDIl transcriptional activity could be detected in the
more proximal regions of the leg in whiEfl transcription and Cii
DIl protein are absent later in development. To do this we use 2 2
the DIl-Gal4 line to drive expression of UAS-GFP or UAS-lacZ,
to test the possibility that Gal4, GFP®gal may perdure for
longer than DIl protein. In late third instar leg discs, the domail
of high level GFP expression is generally coincident with DI
protein revealed by antibody staining, but much weaker stainin
can also be detected in the presumptive proximal tibia/femt
(Fig. 7B). At earlier stages the level of GFP expression outsic
the DIl protein domain is much stronger (Fig. 7C) suggestin
the weak staining later (and the stronger staining earlier) is dt

wt M+ clones | DIl M+ clones |DII M+ clones | DIl clones

e | (W
"’Z‘L "}J /) Fig. 7.DIl expression in legs. (A) Mature leg disc from line UAS

flp/DIl-Gal4; Act5C>cassette>nuc-lacZ. @}gal (antibody), (ii)
Fig. 6.Phenotype obllSAlmutant clones in leg discs. The upper DIl (antibody), (iii) merged image of i and [-gal can be detected
panels reveal clones by the loss of the red marker; the lower panelsin a much wider domain than DIl protein including the proximal
show Nomarski images of the discs above. (A,B) Wild-type clones tibia/femur (ti/f) and regions giving rise to the body wall (arrow).
generated in a Minute background. Clones can be identified (B) Dorsal half of mature leg disc from line DIl-Gal4; UAS-GFP
anywhere along the P/D axis in the disc and have an irregular outliné) GFP; (ii) DIl (antibody). Weak GFP expression can be detected
The disc has the characteristic set of concentric, circular folds that in the femur (arrow), but no DIl protein can be detected here.
loosely correspond to segments along the P/D axis. @)1 (C) Same as in B, but a much younger disc (late second instar).
clones generated in a Minute background. This disc consists almostStrong GFP expression can be detected outside of the DIl protein
entirely of mutant tissue apart from a small region of wild-type tissualomain. (D) Mature leg disc from line DII-Gal4; UAS-lac Z; X-gal
(arrowed). Although the outline of the disc is similar to a wild-type, stained. Again weak staining is found in the femur (arrow).
the folds are absent revealing a much reduced P/D axis. This would(E) Same as B and C, partially everted leg. The GFP expression is
probably develop into a leg similar to that in Fig. 5H. (|QRFAL largely coincident with DII protein staining and is confined to the
clones generated in a Minute background. The wild-type tissue has tarsus (ta) and distal tibia (ti); no weak GFP expression outside of
sorted out from the DIl mutant tissue forming a central domain with this domain can be detected on this preparation. (F) Adult leg from
a smooth boundary. This would probably develop into a leg similar ttine DII-Gal4; UAS-GFP showing GFP expression. Again strong
that in Fig. 51. (G,HDIISAlclones generated in a wild-type expression is found in the tarsus (ta) and distal tibia (ti), but now it
background. ADIl mutant clone can be identified in the distal region is also expressed in most of the cells of the tibia (ti) and in a single
(arrow) and appears to have sorted out from the wild-type tissue. cell associated with each bristle in the femur (fe).
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to perdurance of GFP or Gal4. WdakZ expression can also pathways. A fuller understanding of this process requires a
be detected in the presumptive proximal tibia/femur and agaidetailed analysis of the role of these downstream targets in the
is likely due to perdurance (Fig. 7D). specification of the P/D axis. It has been shown previously (see
By the time leg eversion occurs, the low level expression dhtroduction) and here (Fig. 5F) that there is an absolute
GFP is generally no longer evident in the femur and proximalequirement foDIl activity for the formation of the P/D axis
tibia (Fig. 7E). However, in the adult, GFP expression is clearlin the leg more distal than the most proximal segment, the
expressed in most of the cells in the proximal tibia and at higboxa. However, most of these studies do not discriminate
levels in single cells associated with each bristle in the femuretween a passive requirementDdf for the development of
(Fig. 7F; this expression appears to be initiated early in pup#his region of the leg and an active involvement in the
life). There is a variable amount of expression elsewhere in thepecification of cell fates along the P/D axis in this region.
femur (not shown). These observations are also supported Byipport for the latter view comes from analysis of
analysis of DII-G4 drivingyellow (y) expression: although hypomorphic alleles which are consistent with higher levels of
most bristles in the femur show little or p@xpression, there DIl activity being required distally than proximally (Cohen and

is clear expression in all of the bracts (not shown). Jurgens, 1989b). However, DIl protein does not show a graded
o ) distribution (Diaz-Benjumea et al., 1994; Panganiban et al.,
DIl clonal analysis in the wing 1994) and, as pointed out in the Introduction, there is a paradox

Unlike the legDIlISAlclones can be recovered anywhere in thebetween whereDIl is expressed and where its activity is
wing even when they are generated early in development. Asquired: late in development DIl protein can be detected only
also shown by Gorfinkiel et al. (1997), the primary effect ofin the tarsus and distal tibia, but the genetic data revedbthat
these clones is on the differentiation of the wing margin. Théunction is also required cell autonomously in more proximal
characteristic hairs or bristles found at the margin are deletedgions, the femur and all of the tibia (Table 1, Fig. 9). The
or rudimentary irDIlSAlclones located at the margin (Fig. 8A). results presented here can provide an explanation for both this
In contrast to Gorfinkiel et al (1997) we find that the effect opparadox and for the phenotype of hypomorphic alleles and,
these clones is autonomous so that, for example, a clofarther, may shed more light upon the mechanism by which
situated only on the ventral side of the margin will not affecWg and Dpp control patterning along the P/D axis in the leg.
the adjacent margin bristles or hairs in the dorsal region (Fig. ) .
8A). The expression of three genes normally found at thepatial and temporal requirement for DIl in the leg
margin,wg, cutandac (Couso et al., 1994, Jack et al., 1991; The results of the detailed clonal analysis wiillanull allele
Phillips and Whittle, 1993) was examined in wing discspresented here can be summarised as follows and are in general
containing DIISAL clones. Bothwg and cut are expressed agreement with previous studies (Cohen and Jurgens, 1989a;
normally inDIISAlclones (Fig. 8B,C), budc expression at the Gorfinkiel et al., 1997). Before about the early third instar there
margin is lost autonomously in these clones (Fig. 8E). is an autonomous requirement folf in cells of the leg more
distal than the coxa, apart from the dorsal femur, but later in
development this requirement is limited to a distal domain

DISCUSSION corresponding to the tarsus and distal tibia. This domain
corresponds to the region where DIl protein can be detected at

al and DIl and specification of the proximodistal axis these stages with antibodies. Its requirement in more proximal

of the Drosophila leg by Wg and Dpp regions earlier in development suggests it must be expressed

The combination of the two secreted signaling molecules Wi these regions at these stages. Either it is transiently
and Dpp induces the formation of the P/D axis in the leg ogxpressed in these regions during early larval life or it is
Drosophila(Campbell et al., 1993; Campbell and Tomlinson,continually expressed at low levels (too low to be detected with
1995; Diaz-Benjumea et a., 1994). It was originally suggesteantibody) but it only functions transiently in early stages.
that the Wg/Dpp combination may establish an organizer at the Direct evidence thedll is in fact expressed in the femur and
distal tip that controlled patterning along the P/D axis and thagaroximal tibia at some stage in development is provided by
this organizer is characterized by expression ofatigtaless  generating inheritable marker gene expression in cells expressing
(al), homeobox gene (Campbell et al., 1993; Fig. 9Bii). HerePlIl using theDII-Gal 4/UAS-flp; Act5C>cassette>nuc-lacZ line
we show that even if such an organizer does existahiemot  (Fig. 7A). This suggests thall is expressed in all cells of the
absolutely required for its activity because remowahgt the  presumptive leg, but does not distinguish between expression in
tip using a null allele does not prevent formation of the P/Ohe embryo or later during larval life. Although the low level
axis, although it does prevent the formation of the structuregxpression of GFP di-gal driven by Dll-Gal4 in the proximal
normally found at the tip of the leg (Fig. 3). Ectopiccan tibia/femur in third instar discs (Fig. 7B,D) may result from low
induce outgrowths in the wing and these are associated witevel expression obll (below the level of antibody detection),
ectopic Wg expression, but there is no clear explanation fowe favour the model that it results from perdurance from earlier
this phenomenon; it is possible that may have some expression in these cells because this expression appears to decay
redundant function in maintaining Wg expression at the tip. throughout development (Fig. 7). It should be noted that at late
The existence of a distal organizer has also been questioniagval stages the domain showing high level®bfexpression
by a study that suggests Wg and Dpp may control patternirgprresponds to the region whéd# function is required so it is
along the P/D axis directly rather than by inducing a secondaryot unreasonable to suggest that similar high levels of expression
signal (Lecuit and Cohen, 1997). Analysis of downstreanwill correspond to the regions wheddl function is required at
targets of the Wg/Dpp combination, includifidl, revealed earlier stages.
these to be direct targets of the Wg and Dpp signaling Additional support for this comes from a comparison of DIl
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and Extradenticle (Exd), expression in early and late leg disd®/D axis is specified by Wg and Dpp directly (Lecuit and

(Gonzalez-Crespo and Morata, 1996). Exd, or more correctigohen, 1997) proves to be correct, then one static, simplified
nuclear localized Exd (Mann and Abu-Shaar, 1996), is restrictegersion of this model could hold that different cell fates are

to the periphery of the disc and defines the body wall andstablished above strict concentration thresholds of Wg/Dpp
proximal extreme of the leg. In leg discs from second instars thishich in turn would correspond to precise distances from the
nuclear Exd domain is directly adjacent the central DIl domaiisources of these molecules (Fig. 9Biii). However, one possible
(detected by antibody), but later a clear gap develops between fblem with this simplified model is that of growth: as the

distal DIl domain and the Exd domain. This suggests that durinignaginal disc grows in size the distance of any one cell from
development the cells in this gap have lost either DIl or nucleahe source will vary so that for such a strict model to produce
Exd expression (or both) and we would suggest that it is DIl. precise patterning, all cell fates may have to be established

If the above view is correct, the leg may be loosely dividegimultaneously. Relevant data suggest this not to be the case
into three regions along the P/D axis: (1) proximal -Dilo  (Cohen, 1993). To account for growth, Lecuit and Cohen
expression; (2) intermediate — expressed and required early, {@®97) proposed that different target genes may require Wg and
not later, and (3) distal — continuous expression an@pp for different periods of time before expression becomes
requirement. This would then provide a clear explanation fomdependent of these signals. Following growth, this could
the paradox of the apparent sites DR expression not result in overlapping domains of target genes, and these
explaining all the mutant phenotypes. Additionally, it isdomains could be established at different times in
possible that one source of positional information along thedevelopment. However, an alternative way of viewing this
P/D axis is the length of time a cell expres§ds. The model is to propose that different cell fates are established not
phenotype oDIl hypomorphs would then be explained if the simply on the basis of how much Wg and Dpp they receive but
loweredDIl activity in the centre of the leg discs from theseby how long they receive it (Fig. 9Biv). Early in development
mutants (which, for example, only allows the formation ofmost of the presumptive leg cells will receive a specific level
intermediate leg segments in the strongest hypomorph; Figf Wg and Dpp, but as the disc increases in size then
4A) was equivalent to the transient expressioblbfn normal  presumptive proximal cells at the edge of the disc will begin
legs (which, according to the present proposal, alsto receive less Wg and Dpp as they become situated further
corresponds to intermediate leg segments). from the sources, so that they will experience this specific level

Two exceptions to this simple hypothesis are the femur anaf Wg and Dpp for a shorter period of time than more centrally
the trochanter. Firstly, there is a differential requiremenbfbr  located, presumptive distal cells. Consequently, the length of
in the dorsal and the ventral femur (i.e. at the same P/D leveiime a cell receives this specific level of Wg and Dpp may
and at present there is no explanation for this, although it jsrovide positional information along the P/D axis: the longer
possible that it is related to the situation in
the embryo where dorsal Dpp appears t
as a repressor rather than activatorDdlf
expression (Goto and Hayashi, 19!
Secondly, the trochanter which is proxin
appears to requirBll activity even late i
development. This late requirement r
correspond to the proximal ring ddll
expression in the leg discs. It should als
noted that expression in this domain app
to be independent of Wg and Dpp (Di
Benjumea et al., 1994).

An additional peculiarity is that althou
DIl mutant tissue can differentiate norm:
sized bristles, it fails to form bracts at
base of these bristles even when the cl
are generated late in development
proximal locations. This probably reveal

later function for DIl during pupa
development becauseDIl  expressiol
extends more proximally during pupal li
and in the adulDIl appears to be expres:
in a support cell of each bristle (Fig. 7
Not all of these develop bracts, it may
be required in these cells to allow
development of this structure.

Static and dynamic models for Wg
and Dpp controlling the formation of
the P/D axis

If the model suggesting cell fate along

DIl M+ clones

Fig. 8.Phenotype oblISAlmutant clones in adult wings and discs. (A) Small clone

(extent denoted by arrows) in adult wing marked/lapdsha present only in the ventral
compartment. The ventral margin bristles are absent, but the dorsal hairs are still present
showing the effect is autonomous. (B) Wg expression (brown; antibody) in a disc
containing numerouBll clones (wild-type tissue is green). Wg expression along the wing
margin is normal iDIl mutant cells (arrow). (C) Cut (Ct) expression (brown; antibody) in
a disc consisting almost entirely Bfi mutant tissue. Loss @ll has no effect on Ct
expression at the wing margin (arrow). (D) Achaete (Ac) expression (brown; antibody) in
a wild-type disc. Ac is expressed in two lines (arrows) either side of the wing margin in
the anterior compartment. (E) Ac expression (green) in a disc cont8ithingutant

clones (wild-type tissue is red). The arrows are positioned as in (D). Ac expression at the
margin is lost irDIl mutant cells; this effect is autonomous even across the D/V boundary.
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it receives it the more distal it becomes. We would like tdn clones of a Dpp receptothick veirs, or a Wg signal

propose that the present results Bt may provide some

transducerdishevelled even when these are made during the

evidence for such a dynamic version of this model. Thesgecond instar, i.e. at a time when the present results suggest
results suggest presumptive intermediate level cells exptiess that DIl is still transiently expressed in some cells. There are
early in development but it is lost later, whilst presumptiveat least two possible explanations for this. Firstly, the above
distal cells show continuous expression. If we assume thatraodel is correct but that it is impossible to determine timing
cell expresse®Il above a certain threshold of Wg/Dpp, thenof gene function by making clones because this ignores the
its expression may be lost during development at the edge pbssibility of perdurance of gene products. Secondly, the
its expression domain when these cells become situated furthaodel is incorrect, but this may be because it assumes that Wg
from the sources of Wg and Dpp as the disc grows in size. and Dpp are the only limiting factors controlliDg expression

One problem with this model is that maintenanceDif

(and patterning along the P/D axis): there may be an additional

expression does not appear to require continuous Wg and Dpjgnal, possibly derived from the presumptive tip, which is also

signaling (Lecuit and Cohen, 199DIl expression is not lost
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A temporal mechanism for axis formation is more evident
in vertebrate appendages where positional identity along the
P/D axis appears to be determined by such a mechanism: the
longer a cell spends in the ‘progress zone’, the region behind
the tip of the developing limb, the more distal it becomes
(Summerbell and Lewis, 1975; Wolpert et al.,, 1975).
Consequently, the P/D axis is determined in a proximal to distal

Fig. 9. (A) Summary of the requirements @l andal in the

formation of the P/D axis of the leg. In the lagis only required for
the normal growth and differentiation of the tip. Early in
developmenDIl is required in all of the presumptive leg cells apart
from the coxa and the dorsal femur. The requirement in the rest of
the femur and the tibia is lost in the early to mid third instar, whilst
there is a continuous requirement ft in the trochanter, distal tibia
and tarsus up to the late third instar. (B) Specification of the P/D axis
by Wg and Dpp. (i) The P/D axis of the adult leg corresponds to the
radius of the disc so the question being addressed is how are
concentric circular domains established by the dorsal Dpp and
ventral Wg stripes. (ii) The distal organizer model proposed that a
signaling centre is established at the site where Wg- and Dpp-
expressing cells are juxtaposed in the centre of the disc, the
presumptive distal tip. This would be the source of a secondary
signal that would establish cell fate along the P/D axis according to
distance from the sourcal is expressed at the site of this proposed
organizer, but the present results suggest that, even if such an
organizer existsl does not play an essential role in its activity. An
alternative model suggests that Wg and Dpp specify different cell
fates along the P/D axis directly. There are at least two possible
mechanisms by which this could occur. (iii) Different target genes
are activated at different threshold concentrations of Wg and Dpp
which correspond to different distances from their site of synthesis:
Wg and Dpp are diffusible and the dark and light colours represent
high and low concentrations surrounding their sources. The overlap
of low Wg/low Dpp will establish a wider circular domain than high
Wa/high Dpp. (iv) One possible problem with the latter model is that
the distance a cell is from the sources of Wg and Dpp will vary as the
disc grows in size. An alternative model can be based upon the
length of time a cell receives the Wg and Dpp signals. Early in
development much of the disc will be within the overlap of a given
W(g concentration and Dpp concentration. As the disc grows in size
the cells at the edge of the original overlap-zone will fall below this
Wg/Dpp threshold as they become situated further from the sources.
Later in development the same Wg and Dpp concentrations will
define a proportionately smaller central domain surrounded by the
cells that were above these threshold concentrations earlier in
development but not at this late stage. The present results on the
requirement foDIl within the leg, outlined in A, suggest such a
mechanism may be operating in this system because it appears that
DIl is expressed over a greater length of the P/D axis early in
development than later.
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sequence. lrosophila there is contradictory evidence as to Evolutionary implications

the order in which segments are specified along the P/D axifomologues oDIl have been identified in a wide variety of
(reviewed by Cohen, 1993) and further studies are required fhimals and these are often expressed in their developing
resolve this question. appendages (Carroll et al., 1994; Dolle et al., 1992; Panganiban
: : . et al., 1994; Panganiban et al., 1993l).is expressed in both

DIl is required for tarsal gene expression and to the wing and the leg obrosophila but the present results
modify the adhesive properties of cells suggest that it has distinct functions in these two appendages.
The leg trunctations associated with hypomorphs correlate  Thus, although the expression patterns in other species are
with the loss of expression of genes required for theuite striking, the present results suggest that it may not be
development of the tarsus, includiabandbric a brac(baly  possible to assign a single functionib in all these types of

Fig. 4). However, further positive and/or negative signals argppendages. However, we suggest thablif does have a
required to establish the expression domainglcdnd bab  common function in many of these appendages it is probably
becauseDll is expressed uniformly throughout the tarsuscioser to that oDIl in the Drosophilaleg (because these are
(Diaz-Benjumea et al., 1994; Panganiban et al., 1994; Figrobably more ancient than wings in evolutionary terms) and

1E,F), whereasl is expressed only at the tip ameb is  this may be to control the adhesive properties of cells to allow
expressed in the rest of the tarsus but is absent from the tife formation of outgrowths from the body wall.

(Godt et al., 1993; Figs 1A,B, 4C). Thus, it is possible EHiat

may not directly control cell identity along the P/D axis in the For materials and stocks used in the course of this study we would

leg, but may be required to permit the expression of other gene to thank Marcel Wehrli, Gary Struhl, Yu Chen, Isabel Guerrero,

that do this. Dorothea Godt, Frank Laski, Karen Blochlinger, Larry Ackerman,
Another function ofDIl in the leg may be to control the Yuh-Nung Jan, Steve Cohen, Xiwei Wang, Roel Nusse, Kathy
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type cells (Fig. 5). This phenomenon can be dramatically

demonstrated in leg discs using the Minute technique, Whei@EFERENCES

the majority of wild-type tissue is confined to a central domain

surrounded by mutant tissue (Fig. 6E,F). The modification ofiochlinger, K., Bodmer, R., Jack, J., Jan, L. Y., and Jan, Y. N(1988).
adhesive properties of cells destined to generate a leg may b&rimary structure and expression of a product fenna locus involved in
very important, firstly to define a homogenous population of_SPecifying sensory organ identity in Drosophheature 333 629-635.

: : : ampbell, G., and Tomlinson, A(1995). Initiation of the proximodistal axis
presumptive leg cells and secondly to induce this group of cells; 5 - legsDevelopment 21, 619-628.

to form an outgrowth perpendicular to the body wall. Campbell, G., Weaver, T., and Tomlinson, A(1993). Axis specification in
the developing Drosophila appendage: the roleinglessdecapentaplegic

DIl is required for the differentiation of the wing and the homeobox gereistaless Cell 74, 1113-1123.

margin Carroll, S. B., Gates, J., Keys, D. N., Paddock, S. W., Panganiban, G. E.,

. . . . . Selegue, J. E., and Williams, J. A(1994). Pattern formation and eyespot
In the mature wing disdll is expressed in the wing pouch  yaiermination in butterfly wingScience265, 109-114.

in a graded fashion centred on the wing margin and appeatfou, T. B., and Perrimon, N.(1992). Use of a yeast site-specific
to be downstream of Wg in this appendage (Neumann andrecombinase to produce female germline chimer&asophila Genetics
Cohen, 1997; Zecca et al., 1996). Its function in the wing isé01h3e];] 633'655%]00)( A. A, and Cohen, S. M1883). Allocation of the
quite distinct frpm that '.” th? Ieg' FII’.S'[|y, It IS not reqw'red f(.)r thorécic ’imaginal ’primor(’jia in th@rosdphilaembryo.Developmentll?,
growth and axis formation in the wing, because a wing disc 597.60s.

in which DIl has been almost completely removed by cloneg€ohen, S. M.(1993). Imaginal disc development. The Development of
is morphologically normal (Fig. 8). Additionally, it does not Drosophila melanogasteol. 2 (ed. M. Bate and A. Martinez-Arias), pp.

; ; ; 747-841. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press.
appear to affect cell adhesion in the wing becdliselones Cohen, S. M., Bronner, G., Kuttner, F,, Jurgens, G., and Jackle, H1989).

generated ee}rly in development can be recovered anyw_he_‘re I"bistal-lessencodes a homoeodomain protein required for limb development
the adult wing. However, these clones do have distinct in Drosophila Nature338, 432-434.

phenotypes, the most striking being an autonomous deletigiphen, S. M., and Jurgens, G(1989a). Proximal-distal pattern formation in
of the bristles and hairs normally found at the wing margin Drosophila cell autonomous requirement fBistal-lessgene activity in

. . f . limb developmentEMBO J.8, 2045-2055.
(Fig. 5). The margin is characterized by the expression of éohen, S. M., and Jurgens, G(1989b). Proximal-distal pattern formation in

number of genes includingg, CUt_ar‘daChaete(a;C; Couso et Drosophila graded requirement fddistal-lessgene activity during limb
al., 1994; Jack et al., 1991; Phillips and Whittle, 199&): developmentRoux’s Arch Dev Biol98 157-169.
andcutare expressed normally DIl clones in the wing (Fig. Couso, J. P, Bishop, S. A., and Martinez Arias, A1994). Thewingless

. e o signalling pathway and the patterning of the wing margiDiosophila
8B,C); this is not surprising because Wg appears to beDevelopmemqu £21-636.

UpStre_am_OD” and the phenotype ofg andCUthtatlons_m Diaz-Benjumea, F. J., Cohen, B., and Cohen, S. NL994). Cell interaction
the wing is more severe thdll (Couso et al., 1994, Diaz-  petween compartments establishes the proximal-distal axisosbphila
Benjumea and Cohen, 1995; Jack et al., 1991). Howaver, legs.Nature372 175-179.

expression at the margin is absent in cells lackiig(Fig. Diaz-Benjumea, F. J., and Cohen, S. M(1995). Serrate signals through

. . . . Nt Notch to establish a Wingless-dependent organizer at the dorsal/ventral
8E) showing thabll is required for the normal differentiation compartment boundary of tHerosophilawing. Development.21, 4215-

of the wing margin. 4225,



al and DIl in leg and wing development 4493

Dolle, P., Price, M., and Duboule, D(1992). Expression of the murine DIx- development of crustacean limbs and the evolution of arthrofeilsnce
1 homeobox gene during facial, ocular and limb development. 270 1363-1366.
Differentiation49, 93-99. Phillips, R. G., Roberts, I. J., Ingham, P. W., and Whittle, J. R(1990). The
Godt, D., Couderc, J. L., Cramton, S. E., and Laski, F. A(1993). Pattern Drosophila segment polarity gengatchedis involved in a position-

formation in the limbs oDrosophila bric a bracis expressed in both a signalling mechanism in imaginal dis@evelopmen10, 105-114.

gradient and a wave-like pattern and is required for specification and propenillips, R. G., and Whittle, J. R. (1993). winglessexpression mediates

segmentation of the tarsuevelopment 19, 799-812. determination of peripheral nervous system elements in late stages of
Gonzalez-Crespo, S., and Morata, G(1996). Genetic evidence for the Drosophilawing disc developmenDevelopmeni 18 427-438.

subdivision of the arthropod limb into coxopodite and telopodite. Robertson, H. M., Preston, C. R., Phillis, R. W., Johnson-Schlitz, D. M.,

Developmeni22, 3921-3928. Benz, W. K., and Engels, W. R(1988). A stable genomic source of P
Gorfinkiel, N., Morata, G. and Guerrero, |. (1997). The homeobox gene  element transposase Dmosophila melanogasteGenetics118 461-470.

Distal-lessinduces ventral appendage developmenDiosophila Genes  gchneitz, K., Spielmann, P., and Noll, M(1993). Molecular genetics of

Dev.11, 2259-2271. o o aristaless a prd-type homeo box gene involved in the morphogenesis of
Goto, S., and Hayashi, S(1997). Specification of the embryonic limb  nroximal and distal patten elements in a subset of appendages in

primordium by graded activity of Decapentapledevelopmeni24, 125- Drosophila Genes Dev7, 911.

132. Skeath, J. B., and Carroll, S. B(1991). Regulation ohchaete-scutgene

Jack, J., Dorsett, D., Delotto, Y., and Liu, 5(1991). Expression of theut expression and sensory organ pattern formation irDilesophila wing.
locus in theDrosophilawing margin is required for cell type specification Genes De\5. 984-995

and is regulated by a distant enhanBevelopment13 735-747. Spradling, A. C., Stern, D. M., Kiss, I., Roote, J., Laverty, T., and Rubin,

Jiang, J., and Struhl, G.(1995). Protein kinase A aritdgehogsignaling in G. M. (1995). Gene disruptions using P transposable elements: an integral

Drosophilalimb developmentCell 80, 563-572. ; . .
Kontermann, R., Sitzler, S., Seifarth, W., Petersen, G., and Bautz, E. K. ggml%OBnZ?tlgg;%e Drosophila genome projértc. Natl. Acad. Sci. USA

(1989). Primary structure and functional aspects of the gene coding for t . - ) o
second-largest subunit of RNA polymerase Iliibsophila Mol. Gen. IEtruhl, G. and Basler, K. (1993). Organizing activity of Wingless protein in

Genet 219, 373-380. Drosophila.Cell 72, 527-540.

Summerbell, D., and Lewis, J. H(1975). Time, place and positional value
Lawrence, P. A., and Struhl, G.(1996). Morphogens, compartments, and ~". o
pattern: lessons fromrosophila? Cell 85, 951-961. in the chick limb-budJ. Embryol. Exp. MorphoB3, 621-643.

Lecuit, T., and Cohen, S. M.(1997). Proximal-distal axis formation in the Sunkel, C. E., and Whittle, J. R. S(1987).Brista, a gene involved in the

Drosophilaleg. Nature 388 139-145. specification and differentiation of distal cephalic and thoracic structures in
Lindsley, D. L., and Zimm, G. (1992). The Genome of Drosophila _ Drosophila melanogasteRoux’s Arch. Dev. Bioll96 124-132.
melanogasterSan Diego: Academic Press. Vachon, G., Cohen, B., Pfeifle, C., McGuffin, M. E., Botas, J., and Cohen,
Mann, R.S. and Abu-Shaar, M.(1996). Nuclear import of the homeodomain ~ S- M. (1992). Homeotic genes of thBithorax complex repress limb
protein Extradenticle in response to Wg and Dpp signalagure383, 630- development in the abdomen of theosophilaembryo through the target
633. geneDistal-less Cell 71, 437-450.
Morata, G., and Ripoll, P. (1975). Minutes: mutants oDrosophila ~ Vincent, J. P., Girdham, C. H., and O'Farrell, P. H. (1994). A cell-
autonomously affecting cell division raf@ev. Biol42, 211-221. autonomous, ubiquitous marker for the analysisDobsophila genetic

Neumann, C. J., and Cohen, S. M(1996). A hierarchy of cross-regulation ~ mosaicsDev Biol 164, 328-331. .
involving Notch, wingless, vestigial and cut organizes the dorsal/ventral axi$Volpert, L., Lewis, J., and Summerbell, D.(1975). Morphogenesis of the

of the Drosophila wingDevelopmenii22, 3477-3485. vertebrate limbCiba Foundation Symposiu 95-130.

Panganiban, G., Nagy, L., and Carroll, S. B(1994). The role of thBistal- Xu, T., and Rubin, G. M. (1993). Analysis of genetic mosaics in developing
lessgene in the development and evolution of insect linghgr Biol 4, and adultDrosophilatissuesDevelopmen17, 1223-1237.
671-675. Zecca, M., Basler, K., and Struhl, G(1996). Direct and long-range action

Panganiban, G., Sebring, A., Nagy, L., and Carroll, S(1995). The of a wingless morphogen gradie@ell 87, 833-844.



