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SUMMARY

The insect antenna and leg are considered homologous
structures, likely to have arisen via duplication and
divergence from an ancestral limb. Consistent with this, the
antenna and leg are derived from primordia with similar
developmental potentials. Nonetheless, the adult structures
differ in both form and function. In Drosophila, one
conspicuous morphological difference is that the antenna
has fewer distal segments than the leg. We propose that this
is due in part to the variations in the regulation ofbric a
brac. bric a bracis required for joint formation, and loss of
bric a bracfunction leads to fusion of distal antennal and
leg segments, resulting in fewer total segments. Here, we
address howbric a bracis regulated to generate the mature
expression patterns of two concentric rings in the antenna
versus four concentric rings in the leg. We find thabric a
brac expression is activated early throughout most of
the Distal-less domain in both antenna and leg and
subsequently is restricted to the distal portion and into
rings. Although bric a bracexpression in the antenna and
in all four tarsal rings of the leg requires Distal-less, only
the proximal three tarsal rings are Spineless-dependent.
Thus bric a bracis regulated differentially even within a

single appendage type. The restriction oforic a brac
expression to the distal portion of the Distal-less domain is
a consequence of negative regulation by distinct sets of
genes in different limb types. In the leg, the proximal
boundary of bric a brac is established by the medial-
patterning gene dachshund but dachshund alone is
insufficient to repressbric a brag and the expression of the
two genes overlaps. In the antennahe proximal boundary
of bric a bracis established by an antenna-specifying gene,
homothorax in conjunction with dachshundand spalt and
there is much less overlap between tharic a bracand the
dachshund domains. Thus tissue-specific expression of
other patterning genes that differentially repressbric a
brac accounts for antenna-leg differences irbric a brac
pattern. We propose that the limb type-specific variations
in expression of bric a brac repressors contribute to
morphological variations by controlling distal limb
segment number.
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INTRODUCTION variations among appendages are achieved and into how they
evolved.

Morphological diversity among animal appendages facilitates Although several genes are known to be expressed in
their many functions in moving, feeding and sensing thesegmentally reiterated patterns in the antenna and leg, most of
environment. In insects, the antenna is the primary olfactorthese are unlikely to be regulated differently between these
and auditory organ while the thoracic legs serve mainhappendage types. For instanBefrate Deltaandfringe, which

in terrestrial locomotion. Not only are different types offunction in the Notch pathway, are expressed and required for
appendages unique in their forms, but there also exist manlye formation of all joints and are not being limited to
modified forms of the same appendage type. One feature bbmologous subdomains of antenna and leg (Bishop et al.,
appendages that varies even among the insects is the numb@89; de Celis et al., 1998; Mishra et al., 2001; Parody and
and morphology of their distal segments (Snodgrass, 1935yluskavitch, 1993; Rauskolb and Irvine, 1999). Other genes,
In the dipteran insecDrosophila melanogasterthe distal such asBar and apterousare similarly expressed in narrow
portion of the leg, the tarsus, is divided into five segments (tJproximodistal (PD) subdomains that correspond to homologous
t5), while the homologous region of the antenna consists @&egments of the antenna and leg (Kojima et al., 2000; Larsen et
only two segments plus part of a third (a4 and a5 plus distal., 1996; Pueyo et al., 2000; Rincon-Limas et al., 1999; Tsuji
a3) (Postlethwait and Schneiderman, 1971). By studying hoet al., 2000). Thus although all of these genes contribute to
limb segmentation is differently regulated in homologoudimb segmentation, they probably do not contribute to the
limbs, we will gain insights into how morphological morphological differences between appendages.
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In contrastpric a brac(bab), which is required specifically Bank) and rabbit anti-BarH1 (a gift from T. Kojima). Secondary
for distal limb segmentation, is expressed in restricted P@ntibodies coupled to Cy2, Cy3 and Cy5 were obtained from Jackson
subdomains and exhibits distinct expression patterns betwe#nmunoResearch. Imaging was carried out on BioRad MRC1024
antenna and leghab encodes a BTB/POZ domain protein confocal and Zeiss Axiophot microscopes.
necessary for normal development of most tarsal and dist§|y strains

antennal joints (Godt et al., 1998ab mutations cause fusion . ) )
of tarsal Segments 2 throlgh 5 (12-15) o the leg and o RS 1o 1 Sans were enmoyed: @hp GALS (43Tl
fourth and fifth segments (a4, a5) and arista (ar) of the antengg, FRT-GAL4) (Pignoni and Zipursky, 1997); (@) UAS-GFP-
(see Fig. 1A-D) (Godt et al., 1993). The matbeb pattern  hthg/TM6B, Th, H{Casares and Mann, 1998); ) FRT82B htR2
consists of two concentric rings in the distal antenna and igpai et al., 1998); (5)v; dac* FRT40A,(Graeme Mardon); (6)v;
four concentric rings in the distal leg (see Fig/,BE¢ To  FRT43D DIFAL(Dong et al., 2000); (A hs-FLPase; FRT43D 2piM
understand how the antenna and leg develop different numbédRong et al., 2000); (8PIIY/CyO, wg-lacZ (9) DII¥/CyO, wg-lacZ
of distal segments, we therefore have focussed onlwaw (10) bal®ROITM6B, Tb Hu e cgFrank Laski); (11Df (3L) bal#Ro7
becomes differentially expressed in the antenna and the Ieg.tharsotloﬁg’. (E?}Lﬁ%’i/;'\g(lﬁ\r:t{ngR)ggp)éIe(llég Cé?&?:é é%?selgi
bab expression in the leg is Distal-less (Dll)-dependen ' : - : '
(Campbeﬁand Tomlinson, 1398), and it has be(en)progosed t}g‘ﬁ) D(3R)s§"144TM6_(lan Duncan); (15)sSL47TME (lan

S k . : . uncan); and (16y hs-FLPase; FRT82B M piNB. Blair). Stocks
the activation obabby DIl in the leg is mediated by Spmelgss constructed by us for these experiments were:y(Hs-FLPase:;

(SS) (Duncan et al., 1998D|| encodes. a homeodomain FRT82B 2piM (2) y hs-FLPase; UAS-GFP-hth8/TM6B, Th;H8)y
transcription factor needed for the formation of the trochantegs-FLpase; UAS-daq4) DIISAL4CyO, wg-lacZ (5) w; Df(2L)saP

to the distal claws of the leg, and from a2 to arista of th&RT40A (6)y hs-FLPase; 2piM FRT404And (7)y hs-FLPase; UAS-
antenna (Campbell and Tomlinson, 1998; Cohen and Jurgerss).

1989; Dong et al., 2000; Gorfinkiel et al., 1997) (reviewed ) _ )

by Panganiban, 2000)ss encodes a bHLH-PAS family CGenetic manipulations _
transcription factor related to the mammalian dioxin receptoP!l hypomorphic larval imaginal discs were generated by crossing
and is required for patterning of the distal part of the first tarsdlet€rozygousDIl mutant animals in which eacidll mutant

) romosome was balanced o@®yrO, wg-lacZ Mutant animals were
(t1) and second through fourth tarsal segments (t2-t4) (Dunc%?entified by the absence of X-gal staining in the larval tails. Ectopic

et al., 1998). In addition to their proximodistal (PD) patternlngexpression obll, homothoraxhth) anddachshunddac) was induced

roles in the antenna and leg, bdd (Cohen and Jurgens, ,sing the GAL4/UAS binary system (Brand and Perrimon, 1993).
1989; Dong et al., 2000; Sato, 1984; Sunkel and Whittle, 198 ghp-GAL4was used to activatt)AS-GFP-hthalong the anterior-

and ss (Balkaschina, 1929; Burgess and Duncan, 1990posterior compartment boundary of the developing imaginal discs.
Duncan et al., 1998; Struhl, 1982) are required for antenn@lones of cells ectopically expressing Hth, Dac or Sal were generated
specification. using a modified GAL4/UAS system (Pignoni and Zipursky, 1997) in
The observations thabab is differentially expressed Whichy hs-FLPase; UAS-GFP-hth/TM6B, Tb Hor y hs-FLPase;
between antenna and leg (Godt et al., 1993) (this work) arl¢f\S-dac or y hs-FLPase; UAS-spl flies were crossed to
that its putative activators, DIl and Ss have distinct expressi t>CD2>GALA4flies. The resulting larvae were heatshocked at 37°C

; ; : or 10 minutes at 72-96 hours after egg laying (AEL) to induce site-
patterns and functions in the two limb types (Dong et al., 200 Specific recombination between the FRT sites, which in turn results

Dong et al., 2091’ Duncan et ‘?"-1 1998), led us to hyp'othesq constitutive GAL4 expression in the clon@l, hth, dac andsal
that the regulation obab was likely to vary between limbs. | clones were generated using the FLP/FRT system (Xu and Rubin,
Here, we present evidence that supports this. In particular, Wigg3). Animals of the genotypes: () hs-FLPase; FRT43D
find that although DIl does serve asbab activator in the 2piM/FRT43D DIFAL (2)y hs-FLPase; FRT82B piM/FRT82B FRth
antenna and also in the wing pouch, only part of this activatio(8) y hs-FLPase; 2piM FRT40A/daERT40A and (4)y hs-FLPase;
in the leg and none in the wing is mediated by Ss. InterestinglgpiM FRT40A/Df(2L)s& FRT40Awere heatshocked at 37°C for 1
the differences between antenna and leg expressidratof hour at 48-72 hours AEL and examined in mid- to Iate-thirq instar.
are not a consequence of differences in activators, but %Af)inTtaek(ﬁ/l;ar:]guTattri]olul,lAﬁli(r)r?:liotfht?:eth;eistz/@tzgn;ﬁ%‘:g E%?SSB&
thatbabis diferentilly reguiated n afferent imb by fisue. Y PM/FRTE2S i were heatshocked at 37°C for 1 hour at 120
e S . . 144 hours AEL and examined in mid- to late-third instar (because the
specific combinations of PD patterning genes. The unique ge

. . . MEterozygousMinute animals develop slowly, this was ~240-288
networks that regulateabin each limb type thereby contribute prs XEL). Thess null genotype eF;(amine)(/j WaBf(3R)s&1144

to morphological variation by regulating the number of distak$1149 The pab null genotype examined waBf(3L)balRO7
segments. Df(3L)bal®R07th st cp FRT80B/TM3

MATERIALS AND METHODS RESULTS

Immunohistochemistry . . . bab expression and function during limb
Antibody stainings and immunohistochemistry were carried out ageyelopment

described previously (Halder et al., 1998). Antibodies used were: ., . . . .
rabbit anti-Hth (Pai et al., 1998), rabbit anti-DIl (Panganiban et alfl,bab is required for the proper segmentation of the distal leg

1995), mouse anti-DIl (Vachon et al., 1992), rat anti-Bab (a gift fromNd antenna. Segmental fusion is seen atanull leg and

F. Laski), mouse anti-Myc (a gift from S. Blair), rabbit aprgal (@ antenna (Fig. 1A-D) (Godt et al., 1993). The two distalmost
gift from S. Carroll), rabbit anti-Sal (a gift from R. Schuh), mousetarsal joints are most sensitive to lossah but fusion of all
anti-Dac (University of lowa Developmental Studies Hybridomatarsal segments is seerbiabnull animals. This also results in
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leg antenna
Fig. 1.babis required for joint formation in the distal leg and antenna. Wild-type cuticsebphilaleg (A), and antenna (B). Tarsal joints in
the leg are indicated by arrows. The a4/a5 joint in the antenna is indicated by an arrowhead, the a5/arista joint (iCaTansaljoints

(arrows) are fused or absent in tabnull leg (Godt et al., 1993). (D) The a4/a5 and a5/arista joints are abserbabthédl antenna (Godt et al.,
1993). (E,F) The expression patterndalh-lacZduring pupal stages are consistent with the phenotypes of the adult tarsal and antennal joints.

shortening the overall length of the tarsus (Godt et al., 1993)egulators ofbab expression during appendage development,
In the antenna, because of loss of the a4/a5 and a5/arista joive first examined the dynamics of wild-typab expression.

the arista is fused to a4. Consistent with its functmbis  In late second/early third instar antenna and leg disdsis
expressed at the distal end of each tarsal segment during pupapressed throughout most of b domain, with the highest

leg development and is expressed in distal a3 and in the a4 dadels of expression in the centers of both antennal and leg

a5 segments of the antenna (Fig. 1E,F). discs (Fig. 2A,AD,D'). By mid-third instarpbabexpression is

) ) ) lost from the distalmost cells, and a ring of Bab is apparent in
Dynamic expression of  bab during antenna and leg the antennal and leg discs (Fig. 2BEBE). Still later in the
development third instar, thebab expression pattern resolves into a set of

In order to gain insight into possible positive and negativeoncentric rings, two in the antenna and four in the leg (Fig.

early
3rd instar early
3rd instar
mid
3rd instar
mid
late 3rd instar
3rd instar
antenna
Fig. 2.babexpression is dynamic during antenna and leg late

development. Bab (purple in all panels) is expressed throughout most
of the DIl (green in all panels) expression domain in the early third 3rd instar
instar in antenna (A,Aand leg (D,D). By mid third instarbab

expression is lost in the distal-most part of the antenna (arro¥y in B

and twobabrings emerge (B,B. At the same stagbabexpression

is lost in the distal-most leg and a distal ring appears in the leg

(E,E). By late third instatbabexpression consists of two strong

rings in the antenna (arrows in C arg &d four concentric rings in

the tarsal region of the leg (arrows if).Babis also expressed in the

presumptive coxa (cx) where it does not overlap with DII.
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antenna
leg
leg
antenna
wing Fig. 4.babexpression partially depends on Ss in the antenna and leg.

(A,A") Proximal tarsal rings of Bab (purple in all panels) expression
are lost in thessnull leg, while a distal ring dbabexpression

remains. (B,B Expression obabin the coxa is unaffected 8%

mutants. Bab expression is partially lost in $saull antenna, only

one ring remains. Since these antennae are transformed toward leg,
Fig. 3.babexpression depends on DIl in the antenna, leg and wing. this ring is likely to represent the distal leg ringbab. bab

Bab (purple in all panels) is not detected distallpii#/DII3 expression is partially derepressed distally in botts&imeutant leg
hypomorphic antennal discs (A). Note that some DIl (green) is still and antenna. Expression of DIl appears normal in these discs (green
present in the hypomorphic discs. Bab is not detected in (arrow) or in A and B).

around (arrowheads)@l null clone in the antenna (B). Double

labeling of similar antennal clones for DIl anchgcmarker DIl null clones in either the antenna or leg (Fig. 3B/EC,C
indicates that DIl is lost cell-autonomously, i.e. loss of DI expressior]ntereStingly although bab expression s Io.st (,:el,l-

corresponds with loss of Myc expression. The non cell-autonomous i v in M keBll null cl in both ant
loss of Bab surrounding theBdl null antennal clones is correlated ~ autonomously in Myc-markell null clones in both antenna

with activation of Dac (Dong et al., 2001), which we demonstrate ~ and leg (arrows in Fig. 3B,C,@nd not shownabexpression
here is @babrepressor. Bab also is not detected within (arrows) or IS @lso lost non cell-autonomously under certain conditions. In

aroundDIl null clones in the leg (C/ These clones were identified the antenna, for instancéab expression is lost in cells
by absence of expression of thgcmarker. The arrowhead indicates surrounding th®lIl null clones when those clones are near the

a portion of élI* myc'/DII* myc" “twin spot” in which Bab boundary of the normatlac and bab expression domains
expression has been lost non cell-autonomously. The twinspots cararrowheads in Fig. 3B). Non cell-autonomous loss of the
twice as many copies of timeycgene than the surroundingl* modulation betweebab rings is also seen occasionally near

myc /DI~ heterozygous tissue and therefore stain more brightly.

Although Bab expression is lost non cell-autonomously ar@ihd theseDIl null clones. These phenomena likely are due to the

null clones in both antenna and leg discs, the mechanism by which non cell-autonomous activation @hchshunddag around the

this occurs in each may differ since DIl expression is also lost non DIl null clones (Dong et al., 2001), since Dac imarepressor

cell-autonomously around ti#l null clones in the leg (J. C. and G. (€€ below and Discussion). In the leg, we also observe non
P., unpublished). Bab is lost cell-autonomously froBilanull clone cell-autonomous loss tiab expression aroundll null clones

in the wing (arrow in D and T (e.g. arrowhead in Fig. 3C)C However, in this cas®Il
expression is also lost (J. C. and G. P., unpublished data). Thus
the non cell-autonomous loss loéb expression in the leg is
2C,C,FF). Based on its wild-type expression, we postulatedikely due to the loss of thebab activator DI, and
thatbab is activated initially throughout thBll domain, and mechanistically different from the non cell-autonomous loss of
that the maturéabexpression patterns are achieved in part bybab expression in the antenna.

subsequent repression distally and proximally. In addibiab, babexpression partially overlaps with DIl in the wing pouch.
either is partially repressed or its expression is not maintainedlthough bab expression is not visibly reduced iDll
between concentric rings. hypomorphic wings (not shownpab expression is lost in

) . someDII null clones in the wing pouch (arrow in Fig. 3D),D
bab expression depends on DIl in the antenna, leg There is no detectable adult phenotyp®&at null wings (not
and wing shown). We conclude thdab activation requiredll in the

To examine the relationship betwedab and DIl in the antenna, in the leg and in part of the wing pouch.

antenna, leg and wing, we investigateb expression irDll ) ) )

hypomorphic discs and in clones of cells lacking DII. Bab isbab expression partially depends on Ss in the

not detected in eithedll hypomorphic antenna (Fig. 3A) or antenna and leg

leg (Campbell and Tomlinson, 1998) (not shown) discs, or iissnull mutations result in loss of part of t1 and of the t2, t3
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Fig. 5. Dac restrictdab
expression in the leg.
(A,A") Wild-type expression of
Bab (purple in all panels) and
Dac (green) in the leg disc.
(B,B") babexpression is activated
in adacnull clone (asterisk). The
clone is marked by the absence of
Myc (green). The wild-type twin
spot (ts) of the clone possesses
two copies of thenyctransgene
and therefore appears brighter
green. Note thadiabis non cell-
autonomously activated in part of
the twin spot near the clone
(arrowhead). A portion of the
endogenoubabring of the first
tarsal segment is indicated (t1).
(D,D’) babexpression is
i repressed by ectopic Dac

A O i 1 gy 8 - (arrows) produced in thapp
dpp-Gal4/UAS-dac dac¥/dac-lacZ pattern. Thelpppattern is
dynamic (Masucci et al., 1990;
Weigmann and Cohen, 1999), and Bab is not detected in cells that were exposed to high levels of Dac earlier in develkbpineomtand to
express moderate levels of Dac, probably due to autoregulation (arrowheadsB4E &pression expands proximally and its modulation
between rings is greatly diminisheddacmutant leg discs. Dac appears to be expressed normbpmull antennal (C) and leg (F) discs.

and t4 segments of the leg, including their joints. Thussin late third instardac expression also includes the tibia and the
null legs, there remains only a single distal joint positionedirst and second tarsal segments (t1 and t2) of the leg disc,
between t1 and t5 (Duncan et al., 1998). Consistent with th&here it overlaps witlDIl (Lecuit and Cohen, 1997) and with
adult cuticular phenotype, in late third inssamull animals, the t1 and tdbabrings (Fig. 5A,A). To test whether Dac is a
we observe a single ring dfab expression in the leg (Fig. repressor obabin the leg, we carried out both loss- and gain-
4A,A"). Double labeling of thesmutant leg discs with both of-function experiments. We observe strong activatiobadf

Bar antibodies that label the t4 and t5 segments (Kojima et aln dacnull clones (asterisk in Fig. 5BBand repression dfab
2000) and Bab antibodies (not shown), indicates that thley ectopic Dac (Fig. 5D,) Therefore, Dac is a repressor of
remaining Bab represents the distal-most ring. Thus while thigabin the leg. We note théiabcan be non cell-autonomously
proximal tarsal rings obab depend on Ss, the distal ring activated nearac null clones (arrowhead in Fig. 5B)B
expression ofbab is Ss-independent. Similarly, ies null  although we do not yet know the mechanism by which this
antennal discs, there is a distal ringbatb expression (Fig. occurs.DIl also is activated in théac null clones that exhibit
4B,B). This is consistent with the presence of a single distadtrong bab expression andll is repressed by ectopic Dac
joint, between the transformed a3 and the transformed arista

of ssnull animals (Duncan et al., 1998). However, because th A
ssnull antenna exhibit transformations toward leg, it is difficult
to evaluate the requirements fegin normal antennal joint
formation. Thus, while we can conclude that Ss mediates on
part of the DIl activation obab in the leg, the relationship
betweenss and bab during normal antennal development
remains unknown.

The proximal limit of bab expression in the leg is
determined by Dac repression

Althoughbabis expressed throughout most of ik domain

at early third instar, by late third insttabbecomes restricted

to a portion of théll domain. We therefore hypothesized that
there ardbabrepressors that are differentially expressed in the
complementary part of thBlIl domain. One candidateab
:gg;&i:fes(;)rfolrrw ;gﬁeﬁ?ng O[?a}[%e [ire:)ccAzn?ezogg:anggldeigﬂg:ﬁgfig. 6. Sal restrictbabexpression in the wing and haltere. (A) Wild-

. e expression of Bab (purple) and Sal (green) in the wing disc.
tarsal segments (Mardon et al., 1994). The distal boundary |B',B",B") salnull clones (marked by the absence of green Myc

dac expression is dynamic, encompassing increasingly Mor&aining) in the center of the wing pouch (arrowheads) lose DIl (blue)
distal segments as the leg disc grows (Lecuit and Cohen, 199¢éXpression and activate Bab (red). (C) Wild-type expression of Sal
Whendacis first activated in the leg at late second instar, it§green) and Bab (purple) in the haltere. (D3anull clone in the
expression overlaps only slightly with thatfif. However, by  haltere disc (arrowhead) also activates Bab.
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Fig. 7.babexpression is repressed by Dac, Sal and Hth in the
antenna. (A) Wild-type expression of Bab (purple in all
panels) and Dac (green in A,B,D). (B) Bab is derepressed in
dacnull clones in a3 (arrowheads). (Babexpression

expands proximally (arrowheads) into a3lac-lacz/daé

discs. Green i-galactosidase produced by thec-lacZ
element and marks where Dac would have been expressed.
Note the extensive overlap (white) in C not seen in A.

(D) babis repressed by ectopic Dac produced in flipout
clones (arrowheads). (E) Wild-type expression patterns of
Bab and Sal (green). Sal-expressing cells were visualized by
use of an ant-galactosidase antibody irsal-lacZ

background. (Fpabis derepressed salnull clones in a2
(arrowheads). Clones are marked by the absence of Myc
(green). (Gpabis repressed by ectopic Sal (green) produced
in a flipout clone (arrowheads). (H) Wild-type expression of
Bab and Hth (green in H-J). (babis activated irhth null

clones (arrowheads). (Babis repressed by ectopic Hth
(arrowheads) produced in thpppattern. Thelpppattern is
dynamic (Masucci et al., 1990; Weigmann and Cohen, 1999),
h 3 and Bab is not detected in cells exposed to high levels of Hth
wild type ectopic hth earlier in development (arrows in J).

(Abu-Shaar and Mann, 1998; Dong et al., 2001). Thus Dapouch along the anterior-posterior compartment boundary.
repression ofbab in the leg could be mediated in part by This absence of detectalidab expression coincides with the
reducing DIl activity. Nonetheless, the fact tidt, dacand  domain ofspalt(sal) expression (Fig. 6Akal encodes a zinc
bab are coexpressed in t1 and t2 by late third instar, indicatdsger transcription factor (Kuhnlein et al., 1994) required to
that Dac is insufficient to repre8dl or bah position the L2 wing vein (de Celis et al., 1996; Sturtevant et
In addition to setting the proximal boundary of theb al.,, 1997). To test whether Sal represded, we made
domain in the leg, Dac also plays a role in modulabagy  Df(2L)saP clones. We found thdiabis derepressed in these
expression between rings. In strataghypomorphic leg discs, sal null clones (arrowheads in Fig. 6B,B"). Thereforepab
Bab loses its inter-ring modulation and is uniformly expresseéxpression is restricted by Sal in the wibgb activation in
at high levels in t1-t3 (Fig. 5E'E Interestingly, the uniform thesalnull clones is unlikely to be mediated via DIl, since DIl
Bab expression idacnull legs is correlated with phenotypes is not expressed or activated in many of these clones
similar tobabloss of function, namely the t1-t3 tarsal segmentgarrowheads in Fig. 6B). babis activated similarly irsal null
and joints are lost (P. D. S. D. and G. P., unpublished resultg)lones in the haltere (Fig. 6C,D) and this is not mediated by
Thus, alternating high and low levels of Bab appear to b®Il either (not shown). In fact, the wild-type expressiotaih

critical for tarsal joint formation. does not overlap witBIl in the haltere (not shown). Together,
our results indicate that some, but not ladlb activation in the

Bab does not set the distal limit of  dac expression in wing is mediated by DIl and that Sal is a potent repressor of

either the antenna or the leg babin both wing and haltere.

It has been proposed that mutually repressive interactions in

the leg, e.g betweeBar and aristaless(al) (Kojima et al.,  The proximal limit of ~bab expression in the antenna

2000) and betweelIl and dac (Dong et al., 2001), play is determined by Dac, Sal and Hth repression

critical roles in the subdivision of the PD axis. We thereforeAs demonstrated above, Dac repreds#sin the leg, and Sal
wished to test whether the antagonism of Dac for Bab isepressedabin the wing pouch. The expression of both Dac
reciprocal. Inbab null antenna and leg discs, Bab proteinand Sal are more or less complementary to thagbfin the
cannot be detected, bdac expression is normal (Fig. 5C and antenna, as is that of Hth (Fig. 7A,E,H). Thus all three genes
F). Consistent with thisgac is expressed in a medial ring are potentialbab repressors in the antenna. Hth is a TALE
instead of a circle that encompassesttak domain prior to homeodomain transcription factor required for the nuclear
bab activation (not shown). Thus Dac represbab, but Bab localization of Extradenticle (Exd), a Pbx-related

does not represac homeodomain protein (Abu-Shaar et al., 1999; Kurant et al.,
o ) ] ) 1998; Pai et al., 1998; Rieckhof et al., 1997). Both Hth and
Restriction of bab expression by Spalt in the wing Exd are required for patterning of the coxa and trochanter of

We have also investigatdaab regulation in the developing the leg and of the first and second antennal segments (Abu-
wing. In the wing pouctyabexpression resembles thatlf,  Shaar and Mann, 1998; Aspland and White, 1997; Gonzalez-
except thatbab is not expressed in the middle of the wing Crespo and Morata, 1995; Gonzalez-Crespo and Morata, 1996;
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correlated with loss of the a4/a5 and a5/arista joints (P. D. S.
D., J. S. Dicks and G. P., unpublished data). Thus modulation
of bab expression appears to be necessary for distal antennal
as well as distal leg joint formation.

babis derepressed weakly gal null clones in a2 (Fig. 7F)
and repressed in flipout clones ectopically expressing Sal (Fig.
7G). salnull clones do not exhibit derepressiorbab outside
of a2 (Fig. 7F and not shown). We conclude that Salbiaba
repressor in azdab often is derepressed frth null clones in
both a2 and a3 (Fig. 71). We have shown previously that while
sal is lost in hth null clones (Dong et al., 2000yac is
derepressed ihth null clones in both a2 and a3 (Dong et al.,
2001). Thughth null clones in a2 and a3 often coexprbab
and its repressodac. This supports the leg data described
above indicating that Dac is insufficient tmebrepression. We
conclude that Dac probably requires Hth (or the product of a
gene activated by Hth) as a corepressor in the antenna.

Interestingly, in largdnth null clones that encompass much
of the distal antennapab often (40/66 discs=61%) is
derepressed uniformly throughout a2 and a3 (Fig. 8A), while
at other times (26/66 discs=39%) the derepredsal is

Fig. 8. Variations inbabderepression in Hth null antennae are
correlated with variations in the resulting numbers of tarsal joints.

Largehthnull clones in the antenna were generated usMinate modulated and appears in rings. Among fite mutant
(M) mutation on théth* chromosome. Theth* M—~hth* M- antennal discs in which the derepreskellis modulated, we
twinspots die, while thath* M—/hth-M* heterozygous tissue frequently (11/26 discs=42%) see four rings (Fig. 8C). Thus
surrounding théith null clones grows poorly. Thus much of the large clones with four rings constitute 17% (11/66) of the total

antennal disc comprisésir M* tissue and is transformed toward  |argehth null clones examined. This frequency resembles that
leg. Under these conditions, Bab (purple) is often derepressed  (16%: 10/61) at which five distinct tarsal segments separated
uniformly (A), and sometimes derepressed in a modulated pattern py, for joints can be detected in adult antennae harboring large
(C) resembling that found in the leg. (B) A partially transformed hth null clones (Fig. 8D). In these experiments, the remaining
antenna with two joints (arrowheads). (D) A more completely A !

51/61 antennae, while visibly transformed toward leg,

transformed antenna with five tarsal segments and four tarsal joints d th f disti Llike ioi df
(arrowheads). The relative frequencies at which these cuticular ~ POSSessed three or fewer distinct tarsal-like joints and four or

phenotypes arise suggest that the cuticle in B may derive from a distewer tarsal segments (Fig. 8B). Thus inter-ring modulation in
with Bab expression similar to that found in A, while the cuticle in D hthmutant antennae can be correlated with joint formation, and

may derive from a disc with Bab expression similar to that found in bab modulation probably is essential for normal distal joint
C. See text for details. formation in both the antenna and the leg.
Ectopically expressed Hth can représ in the antenna
(Fig. 7J), but expression afac (Dong et al., 2001) andal

Pai et al., 1998; Rauskolb et al., 1993; Rauskolb et al., 1998Dong et al., 2000) is also activated in these cells. We therefore
Rieckhof et al., 1997). In addition, Hth and Exd are require@¢annot distinguish whether ectopic Hth is sufficient thab
cell-autonomously throughout the antenna to specify antennetpression or whether Hth cooperates with Dac and Sal to
identity (Casares and Mann, 2000; Gonzalez-Crespo arépressbabh Nonetheless, the loss- and gain-of-function data
Morata, 1995; Pai et al., 1998). The antennal expression of boginesented here indicate that all three factors function in limiting
dacandsal is dependent on Hth and Exd (Dong et al., 2000babexpression in the antenna. Sal and Hth repréxdsia a2,
Dong et al., 2001). Dac is coexpressed with Hth, nuclear Exathile Dac and Hth repredmbin a3.
(n-Exd) and Sal in a3 (Fig. 7A and not shown), while Sal is
coexpressed strongly with Hth and n-Exd in a2 (Fig. 7E and
not shown). The expression of Sal in a3 is strong at early thild|SCUSSION
instar and weak at late third instar. Thus the combination of ) _ _
Hth, n-Exd, Dac and Sal marks the proximal limittefb  Differential regulation of ~ bab and limb morphology
expression. To test whether these genes repadsto set its  The precision of pattern formation in development is the result
proximal boundary, we carried out both loss- and gain-ofef fine control and balance of dynamic webs of gene regulation.
function experiments. Here we have investigated a portion of the patterning processes

babis derepressed in distal a3dacnull clones (Fig. 7B), in the appendages @frosophila The differences in howab
and the bab domain expands proximally in strondac is regulated in different limb types and within a single limb
hypomorphs (Fig. 7C)dac null clones andlac null antennal type along the PD axis indicate that there are multiple ways to
discs do not exhibit derepressionbzbin al or a2 (Fig. 7C alter bab expression by modulating activator and/or repressor
and not shown). Furthehab is repressed in flipout clones activity. Becauséabis required for formation of distal joints,
ectopically expressing Dac (Fig. 7D). Based on these resulthiese possibilities are likely to facilitate variations in where
we conclude that Dac iskmbrepressor in distal a3. As in the joints form and how many segments a limb possesses, thereby
leg, loss of inter-ring modulation dfab is observed in the contributing to the morphological diversity of legs and
antenna in strongac hypomorphs (Fig. 7C) and this loss is antennae.
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proximal distal bab expression in the t4 ring may be regulated via a different
enhancer thatbab expression in the t1, t2 and t3 rings, but
whether or not there are distingab enhancers for different
antenna |a1| a2 | a3 |a4|a5|{€ rings is unclear. We think it likely thaéiab expression in each
of the four tarsal rings represents differential activation in

response graded Dpp and Wg signals in conjunction with the
| DIl — ss | DIl and/or Ss selector(s).
t In the antenna, the effects of Ss lbab are difficult to
7 interpret becausess null antennae exhibit transformations
m é toward leg. In these transformed discs, bab expression

- pattern resembles that sgnull leg discs, namely only a single
distal ring is observed. This may represent the distal leg ring.
dac However, sincebab enhancer elements have not yet been

identified, we cannot determine whether the distal ring in both

antenna and leg represents activation via a shared enhancer or
utilizes distinct enhancers in each limb type.
We find that only part of thieab expression depends on DI

in the wing, and that in a homologous structure, the haltere,

babis not Dll-dependent. It has been suggested that the insect

wing may derive from a proximodorsal part of a branched limb
of their aquatic ancestors (Averof and Cohen, 1997; Kukalova-

| co |”| fe | ti | tl |t2|t3|t4|t5p Peck, 1978). There is expressionbaib proximal to theDlI

domain in both antenna and leg discs. Thus if the wing has

derived from the proximal leg, it could be that the regulation

of bab expression in the wing shares features with that of the

leg

|DI/| DIll—» ss |DI/

]
proximal leg.
m Z 2 z Differential restriction of  bab in different appendage
//‘ types by Dac, Sal and Hth
P | Here we have demonstrated that repression by Dac establishes

the proximal border obab expression in the leg, that Sal
restrictsbabexpression in the wing, and that Dac, Sal and Hth
establish the proximal limit dbab expression in the antenna
(Fig. 9). We have shown previously that coexpression of DI

Fig. 9.Both conserved and unique interactions reguiatealong
the PD axis of the antenna and legbis activated byDIl in both
antenna and leg primordibabexpression issdependent in the first

through third tarsal segments (t1-3), but not in the fourth tarsal and Hth/Exd determines antennal identity, and activasés
segment (t4) of the leg. The requiremenssfbr babexpression in (Dong et al., 2000) andac (Dong et al., 2001). Here we
the antenna could not be assessed, bessusdl antennae are demonstrate that differential expression of these genes leads to

transformed toward leg. The proximal boundarpalhexpression is  significant differences irbab expression. In particulabab

set bydacin both antenna and leg, tithandsalalso are required  expression is restricted to a small domain containing two rings
for babrepression in the antenréacalso modulatebabexpression  in the antenna in contrast to a larger domain of four rings in
levels between rings in both antenna and leg. The dependesge of leg. Asbabis necessary for joint formation, we propose
expression oIl has been documented previously (Duncan et al., that these differences ibab expression contribute to the

(182%’ :ts ar;a\/zeoghﬁ gigfensi?grf?(;%nhgthe;r?é”tﬁg?r?atigbc differences in the number of distal segments found in the
N antenna and the leg.

antagonism betwedbll anddacin the leg (Dong et al., 2001). Solid . ..
lines indicate cell-autonomous effects that could be direct. The In both antenna and leg disb@bexpression is derepressed

dotted line indicates that there is a non cell-autonomous componentn dacnull clones that are proximal to nornizdb expression
to inter-ring modulation obabby dacin the antenna. See text for domain. However, the mechanisms b&b derepression
details. probably differ between limb types. In the leg, derepression of
bab is associated with derepression @ii. Therefore, Dac
o likely restricts bab expression viabab activators. In the
Activation of bab by DIl and Ss antenna,DIl and dac expression normally overlap, arill
Both ssandbab expression depend on DIl in the antenna andtontinues to be expresseddac null clones. This suggests a
leg (Campbell and Tomlinson, 1998; Duncan et al., 1998) anghore direct repression mechanism may exist in the antenna.
this work). We report here that only a subset of the Dll-There is substantial overlap betwedac and bab expression
dependenbab expression depends on Ss. In particular, thén the leg at late third instar, indicating that the presence of Dac
tarsal rings obab expression in distal t1, distal t2 and distal protein is not sufficient fopabrepression and that the presence
t3 are both DIl and Ss dependent, whereas the rifmin ~ or absence other factors is required in order for Dac to repress
distal t4 depends on DIl but not on Ss. Thus for the t1, t2 andab. This is perhaps not surprising since Dac does not contain
t3 rings, Ss either mediates the DIl activation bafb or ~ a known DNA binding motif and forms complexes with Eyes
cooperates with DIl to activatbab, while the t4 ring is absent and Sine oculis to regulate transcription during eye
activated independent of Ss, possibly directly by DIl (Fig. 9)development (Chen et al., 1997; Pignoni et al., 1997). Based
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(Antp) in the leg. Alternatively, because Dac overlaps with DIISloan Foundation and the National Science Foundation. This work
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repressor, it also is possible that Dac functions by precluding

the ability of DIl and/or Ss to activateh.
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