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Summary

The stereotyped pattern of Drosophila wing veins is
determined by the action of two morphogens, Hedgehog
(Hh) and Decapentaplegic (Dpp), which act sequentially
to organize growth and patterning along the anterior-
posterior axis of the wing primordium. An important
unresolved question is how positional information
established by these morphogen gradients is translated into
localized development of morphological structures such as
wing veins in precise locations. In the current study, we
examine the mechanism by which two broadly expressed
Dpp signaling target genes,optomotor-blind (omb) and
brinker (brk), collaborate to initiate formation of the fifth
longitudinal (L5) wing vein. ombis broadly expressed at the
center of the wing disc in a pattern complementary to that
of brk, which is expressed in the lateral regions of the disc
and repressesomb expression. We show that a border
betweenomband brk expression domains is necessary and

sufficient for inducing L5 development in the posterior
regions. Mosaic analysis indicates thdbrk-expressing cells
produce a short-range signal that can induce vein
formation in adjacent omb-expressing cells. This induction
of the L5 primordium is mediated by abrupt, which is
expressed in a narrow stripe of cells along thérk/omb
border and plays a key role in organizing gene expression
in the L5 primordium. Similarly, in the anterior region of
the wing, brk helps define the position of the L2 vein in
combination with another Dpp target gene,spalt The
similar mechanisms responsible for the induction of L5 and
L2 development reveal how boundaries set by dosage-
sensitive responses to a long-range morphogen specify
distinct vein fates at precise locations.

Key words:optomotor-blind omh brinker, brk, abrupt ab, L5 vein,
Wing disc,Drosophila Patterning, Morphogenesis

Introduction

The Bone Morphogenetic Protein (BMP)-related ligand Dpp

Cells must determine their positions in order to develop intUnctions as a morphogen during several stag@sadophila

specific tissues or organs in a complex multi-cellular organisnfi€velopment, including patterning the dorsal/ventral (DV) axis
One source of positional information is concentration gradientd’ the embryo (Bier, 1997; Rusch and Levine, 1996) and
of diffusible secreted morphogens. Cells respond to theggStablishing the anterior/posterior (AP) axis of the wing disc
gradients in a threshold-dependent fashion by activating/€viewed by Affolter et al., 2001; Klein, 2001; Lawrence and
distinct patterns of gene expression. In Bresophilawing ~ Struhl, 1996; Strigini and Cohen, 1999). In the wing disc, Dpp
imaginal disc, the Hedgehog (Hh) and Decapentaplegic (Dpp} Produced in a stripe just anterior to the AP border, and
morphogens act sequentially to specify central (Hh) and laterliffuses in both anterior and posterior directions to form a
(Dpp) positions along the anterior-posterior axis (reviewed bgoncentration gradient and a corresponding BMP activity
Klein, 2001; Lawrence and Struhl, 1996; Strigini and Cohengradient (Entchev et al., 2000; Fujise et al., 2003; Klein, 2001;
1999). Hh, which is expressed in posterior compartment cellawrence and Struhl, 1996; Strigini and Cohen, 1999; Teleman
is prevented from eliciting a response in these cells by thend Cohen, 2000). This BMP activity gradient, which is
selector genengrailed Hh diffuses over a distance of six to established by the synergistic action of the ligands Dpp and
eight cells into the anterior compartment where it activate§lass Bottom Boat (Gbb) (Haerry et al., 1998; Wharton et al.,
expression of various target genes includidpp (Cadigan, 1999), functions in a dosage-sensitive fashion to control the
2002; Sanson, 2001; Vervoort, 2000). The borders of this Hiested expression of a series of BMP target genes. The BMP
responsive central organizer determine the positions of tHarget genespalt-major(saln) andspalt-related(salr) (these
centrally located L3 and L4 wing veins (Biehs et al., 1998related and neighboring genes will be referred tosals
Crozatier et al., 2002; Mohler et al., 2000; Strigini and Coherereafter),optomotor-blind(omly bifid, bi — FlyBase), and
1997; Vervoort et al., 1999). As summarized below, Dppvestigial(vg) are expressed in progressively broader domains
produced in the central organizer then acts over a longer randee to their increasing sensitivity to BMP signaling
to specify the positions of the more lateral L2 and L5 wingKirkpatrick et al., 2001; Lecuit et al., 1996; Nellen et al.,
veins. 1996).
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A crucial Dpp target gene idrinker (brk), which is  of brk. We show thabmbis required for responding to a for-
repressed in a graded fashion by Dpp signaling in the centrekport-only signal produced birk-expressing cells. This
region of the wing disc (Marty et al., 2000; Muller et al., 2003;,combination of constraints results in the activatioralofupt
Torres-Vazquez et al.,, 2000). Brk encodes a transcription@hb), which plays a key role in organizing gene expression in
repressor (Campbell and Tomlinson, 1999; Jazwinska et ah,sharp line within the posterior extreme of tinebexpression
1999a; Minami et al., 1999) that acts in a dosage-dependetmain.
manner to establish the centrally nested expression of the
transcription factors encoded bynh salandvg (Jazwinska et .
al., 1999b; Sivasankaran, 2000; Kirkpatrick et al., 2001; MulleMatenalS and methods
et al., 2003). Thus, the opposing and complementary activitidy stocks
of Dpp and Brk along the AP axis of the wing disc lead ton!118 ab!, omb: w[1118] P{Ubi-GFP(S65T)niIs}X P{neoFRT}18A
differential activation of target genes such that the morendMKRS, P{hsFLP}86E/TM6B, Th[ijtocks were obtained from
responsive a gene is to BMP signaling and the less sensitivetlie Bloomington stock center. Thew brkn® f36a FRT18a/FM7a
is to repression by Brk, the broader its expression domain wifitock was kindly provided by C. Rushlow (Jazwinska et al., 1999a),
be. theyw hsFLP P62 ab>f+>GAL4-lacZCyO stock was kindly provided

. - : y K. Basler (Moreno et al., 2002), and tmatP4 w/FM6 stock was
Although much is understood regarding the formation of thgindly provided by G. Pflugfelder. Flies used for expression pattern

D_pp g_radler_1t_and_ how the resulting graded actlvatl.on of BM_ markers includedx47 (Campbell and Tomlinson, 1999) fork-lacZ
signaling elicits different patterns of gene expression, little i3yression:h*35 for omb-lacZ expression (Sun et al., 1995); and
known about how these target genes direct differentiation qbfry+7.2=pz}salnf3602cnl/Cy0; rys% (Drosophilagenome project)
defined tissues in specific locations. A mechanism that link®r sal-lacZ expression. Lines for ectopic expression using the
broad patterns of gene expression to specification of particul&AL4/UAS system (Brand and Perrimon, 1993) includd&1096-
cell types is the creation of sharp borders between differe®@AL4, C765GAL4 (kindly provided by Gomez-Skarmeta) avig®
domains. As described above, graded BMP signalin@AL4 (kindly provided by S. Carroll), UA®#k (C. Rushlow and E.
subdivides the wing disc into nested domains expressing théoreno) and UASsmb(Grimm and Pflugfelder, 1996).

target genesal, ombandvg. These expression domains createx analysis

boundaries that then can act as local organizers along the %’%mozygous loss-of-function clones were generated BYR&RT

axis _(_Lawrence an_d Struhl, 1996) to induce fo”‘?a“on _Otecombination (Xu and Rubin, 1993)w brkn68{36a FRT18a/FM7a
specific morphological structures such as longitudinal wingnqomiP4 w/FM6 stocks were recombined to generatevthemt®
veins (Bier, 2000; Sturtevant et al., 1997; Sturtevant and Bief36a FRT18a/FMOand w omtP4 brkm68 f36a FRT18a/FMOstocks.
1995). Each of these stocks was crossed wiit{1118] P{Ubi-

A well-studied example of vein induction at a boundary iSGFP(S65T)niIs}X P{neoFRT}18A; MKRS, P{hsFLP}86E/TM6B,
formation of the L2 primordium along the anterior border ofTb[1] and larvae were heat shocked 24-72 hours after egg-laying at
the sal expression domain. Cells expressing high levelsabf 37°C for 1-2 hours. Wing discs were dissected and analyzed after 24-
Induce expreSSIOn dtnlrps (knl) and kn”‘ps related (knrl, 72 hOUI’S, or Vla|S were kept at 25°C Untl| ﬂIeS hatched and WIngS were
knirps-like— FlyBase) genes in a narrow stripe of neighborin nalyzed. Mutant clones in the wing disc were detected by lack of

: : : FP expression, and in the adult wingfB§2 phenotype.
anterior cells, which express low levels safl (de Celis and Flip-out clones ectopically expressiag were generated in larvae

Bam.o.’ 2000; Lunde et al., 1998)'. Analysis of an L2 V(.am'of the genotype ywsFLP £62 ab>f+>GAL4-lacZUASab following
specific enhancer element of tkei locus revealed that it ecombination between FRT elements (), initiated by heat induction
consists of an activation domain containing functionallyof the HS-FLP recombinase transgene for 30 minutes at 34°C. These
important Scalloped (Sd)-binding sites, as well as a represselbnes were marked by gainlatZ expression in the disc, and by the
domain containing consensus binding sequences for Sal anell-autonomoug362 trichome phenotype in adult wings. A similar
Brk (Lunde et al., 2003). Kni/Knrl organize development of theset of crosses was used to generate flip-out clones misexpressing high
L2 primordium by activating expression of the vein promotinglevels ofomh

generhomboid(rho), as well as by repressing expression of . . _
the intervein gendlistered (bs) in the vein primordial cells Generation of an anti-Abrupt antibody

- . - An Abrupt-GST fusion protein consisting of the 88 C-terminal amino
(Lunde et al.,, 1998). In addition, because Kni/Knrl eXpreSS".)@cids of Ab fused to GST was purified from soluble whole bacterial

must be confined to a narrow strlpe to promote Vel rotein extracts, using a glutathione column, and injected into rabbits.
development (Lunde et al., 1998), it may also controfrhe antiserum was partially purified by ammonium-sulfate

expression of a lateral inhibitory factor that represses veigrecipitation (25% cut) and preabsorbed 1:10 against fixed embryos.
development in adjacent intervein cells. Therefore, Kni/KnrfTitration of this antibody revealed that a final 1:1000 dilution gave a
play a key role in translating positional information at thestrong signal with low background.

anterior border of theal expression domain into a coherent .

gene expression program in the L2 primordium. Immunostaining

The position of the L5 primordium, like that of L2, is Immunohistochemical staining was performed using the following

; : tibodies: Guinea pig anti-Kni (kindly provided by D. Kosman),
determined by a threshold response to the Dpp gradleﬁf‘ouse anti-Delta (kindly provided by M. Muskavitch), mouse

(Sturtevant et al:, 1997). However, the _border(s)_ of gen nti-DSRF (kindly provided by M. Affolter), mouse afi-
expression domalns_ responsible for ”!duc'”g fo_rr_na_tlon of L al (Promega), and rablfitGal (Cappel), as previously described
are unknown. In this study we examine the initiation of LSy, (sturtevant et al., 1993). Fluorescent detection using

development and show that it is dependent on the two abuttiRgcondary Alexa Fluor 488, 555, 594 or 647 conjugated antibodies
Dpp target genesymb and brk. The L5 primordium forms (Molecular Probes) was visualized using a Leica scanning confocal
within theombdomain adjacent to cells expressing high levelsnicroscope.
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In situ hybridization to whole-mount larval wing discs (Fig. 10,P) and downregulated expression of the intervein
In situ hybridization using digoxigenin-labeled antisense RNAmMarker Bs (Fig. 1Q,R) in a cell-autonomous fashion when
probes was performed either alone (O'Neill and Bier, 1994) olocated anywhere within the wing pouch. Adult wings
in combination with antibody labeling, as previously describedcontaining smalab-expressing clones marked witirkedalso
(Sturtevant et al., 1993). produced ectopic vein material cell autonomously (Fig. 1S).
These results, in conjunction with those described above,
demonstrate thaab is necessary to control known gene
é’Xpression in the L5 primordium, and is sufficient to induce
Yein development when expressed in a restricted number of
cells. These data are consistent wéth acting in a vein-
organizing capacity to direct L5 development.

Mounting fly wings

Wings from adult flies were dissected in ethanol and mounted in 50
Canada Balsam (Aldrich #28,292-8), 50% methylsalicilate, a
described by Ashburner (Ashburner, 1989).

Results
. L . . ab is expressed along the border of omb and brk
ab organizes gene expression in the L5 primordium expression domains

Theabgene, which encodes a zinc finger protein containing &< previousl shown, the L2 primordium forms along the
BTB/POZ domain, is required for L5 development as revea.‘legnteprior bou%dary of thesal ex%ression domain, in (fqells
by viable alleles such ab!, which bypass the early embryonic o pressing low levels afal and facing those expressing high
requirement for this gene in motor neuron axon guidance ang\e|s ofsal (de Celis and Barrio, 2000; Lunde et al., 1998:;
result in distal truncation of the L5 vein (Fig. 1A,B) (Hu et al., gy rtevant et al., 1997). The symmetrical disposition of the L2
_1995). We havg also recovered four a_ddltlorjal viablelleles 54 |5 veins, and the positioning of both of these veins by Dpp
in a genome-wide screen for new wing vein mutants, one Qhther than Hh signaling, suggested that the L5 vein might form
which results in a somewhat stronger phenotype in which _thﬁong the posterior border of treal expression domain in
L5 vein is consistently truncated proximal to the posteriop,,ch the same way that L2 is induced along its anterior border.
cross-vein (data not shown). We examined expressiabof  However, two lines of evidence indicate tisat is not likely
the wing disc and found that it is expressed as a single stripg pe directly involved in determining the position of L5. First,
in the posterior compartment (Fig. 1C). The viahlt allele  the posterior border of theal expression domain is located
is likely to be a regulatory mutation, alsexpression is greatly - seyeral cells anterior to the L5 primordium (Sturtevant et al.,
reduced inab" mutant wing discs (Fig. 1D)b expression  1997). Second, althougtalnT clones do occasionally result in
is similarly reduced or undetectable in the other foulhe formation of ectopic posterior veins, they do so non-
independently isolated viableb alleles (data not shown). ayutonomously at a distance of several cell diameters from the
Double-label experiments with the vein marker Delta (Dl).cione border (Sturtevant et al., 1997). This phenotype is
which is expressed in L1 and L3-L5 (Biehs et al., 1998)entirely different from the ectopic L2 veins that form at high
revealed thaébis co-expressed with DI in the L5 primordium penetrance immediately within the borders of antesafr
(Fig. 1E). _ _ o clones, located between the L2 and L3 veins (Sturtevant et al.,
Extension of our previous analysis @b in initiating L5  1997). Clones of a deficiency removing baim and the
development (Biehs et al., 1998; Sturtevant and Bier, 199%p|atedsalr gene also result in the production of an ectopic vein
showed thagb functions early in L5 specification. Activation (de Celis and Barrio, 2000), but this vein forms within the
of all known vein genes, includingio (Fig. 1F,G),DI (Fig.  interior of such clones between L4 and L5, in a position
11,J), the caupolican and araucan genes of the Iroquois corresponding to a cryptic vein, or paravein, which has a latent
Complex (IroC), anargos(data not shown), and repression of tendency to form along the posterior border ofghldomain
the intervein genebs (also known a®SREF Fig. 1L,M) and  (Sturtevant et al., 1997).
net(data not shown), is lost in cells corresponding to the L5 As the L5 primordium forms approximately four to six cell
primordium in ab! mutant wing discs. We also determined diameters posterior to theal expression domain (Fig. 2A-C)
whether it is critical thaab expression is confined to a narrow (Sturtevant et al., 1997), we examined the expression of other
stripe for regulating expression of vein or intervein genes. WBMP target genesmbandbrk, relative to the L5 primordium.
ubiquitously misexpressedb in the wing disc using the The borders of these gene expression domains are known to
MS1096GAL4 driver and found that such global activation form posterior to that of thesal domain (Campbell and
of ab suppressed expression of vein genes, suda@snd  Tomlinson, 1999; Jazwinska et al., 1999a; Lecuit et al., 1996;
DI. This ab misexpression also caused vein-specificMinami et al., 1999; Nellen et al., 1996). Previous studies
downregulation the intervein gems in the wing disc (Fig. revealed that the domains of cells expressing high levelsbf
1H,K,N), but did not repress expression of other genesindbrk (Campbell, 2002; Jazwinska et al., 1999a) are largely
including hh, ptc and dpp (data not shown). This phenotype reciprocal, although these genes are co-expressed at lower
may result from unregulated production of a lateral inhibitorylevels in cells along the border. We therefore determined the
signal normally produced by vein cells to suppress veimelative positions of the border of high levembbrk
development in adjacent intervein cells. expression with respect to vein primordia marked by DI (L1,
We also investigated whether restricted expressiabafi ~ and L3-L5) and Kni (L2). These experiments revealed that the
small clones was sufficient to induce vein development. Wé5 stripe of DI expression forms inside and along the posterior
used the flip-out misexpression system (Struhl and Basleborder of the domain expressing high level®wi whereas
1993) to generate clones of cells ectopically expressling  the anterior border of thembdomain extends well beyond the
the wing disc, and found that these cells (identified by Ab ot2 primordium (Fig. 2D-F). A complementary pattern was
B-Gal expression) ectopically expressed the vein marker Dibserved in wing discs difrk-lacZ flies double stained fds-
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Fig. 1.abis the L5 organizing gene. (A) A
wild-type (wt) wing. The L2-L5

longitudinal veins are indicated. (B) An
adultabl/ab! mutant wing. (Cib
expression in a wild-type third instar wing
imaginal disc, visualized with an antisense
ab probe (arrowhead indicates thke

stripe). (D)ab expression is greatly
reduced in amb/ab! mutant wing disc.

(E) Double labeling odb RNA (blue) and

DI protein (brown), shows that these genes
are co-expressed in cells corresponding to
the L5 primordium. Inset shows a higher
magnification of the L5 primordium. The
L1, and L3-L5, vein primordia are
indicated. (Frhois expressed in all
longitudinal vein primordia in a wild-type
third instar larval wing disc, detected with
an antisenseho probe. Arrows indicate

the approximate location of the L5
primordium in this and subsequent panels.
(G) rho expression is lost in the L5
primordium ofabY/ab! mutant wing discs.
Wing discs are oriented with anterior at the
top and dorsal to the left in this and
subsequent panels. (H) Ubiquitous
expression oabwith MS1096GAL4
eliminatesrho expression in all vein
primordia. (I) DI is expressed in the L1
and L3-L5 wing vein primordia. (J) DI
expression is lost in the L5 primordium of
ab%/ab! mutant wing discs. (K) DI
expression in all vein primordia is greatly
reduced in discs ubiquitously expressing
abin MS1096GAL4; UAS-abwing discs.
Weak DI expression is visible in the
ventral compartment of the disc, consistent
with the lower levels oMS1096GAL4
expression in ventral versus dorsal cells.
(L) Blistered (Bs) protein is expressed at
high levels in intervein cells, but is
strongly downregulated in the L2-L5 vein
primordia. (M) Bs downregulation in the
L5 primordium is lost irabl/ab! mutant
wing discs. (N) Bs expression is greatly
reduced in all cells dfIS1096GAL4;
UAS-abwing discs. (O) A third instar

wing imaginal disc misexpressimadp in
flip-out clones (arrows) stained fB+Gal
(green) and DI (blue). DI is expressed in a
cell-autonomous fashion within a subset of
B-Gal-expressing cells. Additional double-
label experiments reveal that all cells in
flip-out clones expressirg+Gal also
express Ab at high levels (O.C.,
unpublished). (P) DI channel only for the
disc shown in O. (Q) A third instar wing
imaginal disc misexpressirapin a flip-

out clone (arrows) stained fBrGal

(green) and the intervein marker Bs (red).
Bs is downregulated in a cell-autonomous
fashion within all cells of the clone. (R) Bs
channel only for the disc shown in Q. (S)
Ectopic veins form in a cell-autonomous
fashion within smalbb-expressing flip-out
clones marked by beirf§® (outlined).
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Fig. 2. The L5 primordium forms within the
ombdomain adjacent tbrk-expressing cells.
(A) A third instar wing imaginal disc triple
labeled for Kni protein (red), DI protein (blue)
andsal-lacZexpression (greeii-Gal). (B)sal-
lacZ (B-Gal) channel alone for the disc shown in
A. (C) Kni and DI channels for the disc shown in
A. Kni is expressed anterior to cells expressing
high levels ofsal, but there is a significant gap
between the posterior edge of gaexpression
domain and the L5 primordium. (D) A third
instar wing imaginal disc triple labeled for Kni
protein (red), DI protein (blue) armnb-lacZ
expression (greefs-Gal). (E)omb-lacZ(B-Gal)
channel alone for the disc shown in D. (F) Kni
and DI channels for disc shown in @nb
expression extends well past the Kni L2 stripe
anteriorly, but just includes the L5 primordium
posteriorly. (G) A third instar wing imaginal disc
triple labeled for Kni protein (red), DI protein
(blue) andbrk-lacZ expression (greeifs-Gal).
(H) brk-lacZ (B-Gal) channel alone for the disc
shown in G. (I) Kni and DI channels for disc
shown in G. The L5 primordium lies along the
outside border of the high levietk expression
domain. (J) A third instar wing imaginal disc of
omblacZflies, double labeled f@3-Gal protein
(brown) andab RNA (blue, arrowhead). Thab
stripe runs just within the domain of stromgb
expression. (K) A third instar wing imaginal disc
of brk-lacZflies, double labeled f@3-Gal

LSTR Y S protein (brown) andb RNA (blue, arrowhead).
N R Theab stripe runs just adjacent to the domain of
' strongbrk expression.

omb, ab "

Gal and DI, in which the L5 DI stripe runs outside and alonghenotype irbrk/+; abl/ ab! flies (Fig. 3A,E). By contrast,
the border of the high levérk expression domain (Fig. 2G- when we tested for trans-heterozygous interactions betaeen
I). We obtained similar results usiatp as a marker for the L5 and omb alleles we observed consistent genetic interactions.
primordium, in which we found that the stripeaiifexpressing For example,omb/+; abl/+ flies exhibit truncations in the
cells lies within theomb domain (Fig. 2J), adjacent to high distal portion of L5 (with 3% penetrance, Fig. 3F), whereas
level brk-expressing cells (Fig. 2K). These expression studieseither ab/+ nor omb/+ heterozygotes ever show any L5
reveal thabmbandbrk are expressed in the right location to phenotype (Fig. 3B,C). Moreover, themb* allele, which

play a role in positioning the L5 primordium. causes notching of the wing margin when homozygous but has
. ) ) . no associated L5 phenotype (Fig. 3D), strongly enhances the

ab and omb interact genetically in promoting L5 abl/abl L5 truncation phenotype. This interaction is evident in

formation ombY/+; abl/ab! females (Fig. 3G), and is very pronounced in

As a first step in determining whethembor brk play a role  omb/oml; abl/ab! double homozygous females (data not
in L5 development, we tested for genetic interactions betweeshown) or hemizygousmb/Y; abl/ab! males (Fig. 3H). These
these genes anab. Several viable or lethab alleles were results suggest thambandab function in concert to promote
crossed to stocks carrying tiekme8 allele or a deficiency L5 formation.

of brk, and trans-heterozygouwk7/+; ab/+ F1 flies were ) ) ) o

examined for L5 phenotypes. None of the combinatiorslof ~Misexpression of omb and brk shifts or eliminates

and ab alleles tested resulted in any dominant vein-losghe L5 and L2 veins

phenotype in trans-heterozygotes (eogk™68+; abl/+ flies, As a next step in analyzing the potential rolédfand/oromb

data not shown). In addition, we did not observe anyn L5 formation we assessed the requirement for sharp borders
enhancement of the homozygowbl/ab! L5 truncation of ombor brk expression. We addressed this by misexpressing
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R E wing margin (Fig. 4C) (Williams et al., 1994). Ubiquitous
— —= m misexpression of eith@mbor brk in the wing using the strong
@jﬁ & -\ MSI1096GAL4 driver resulted in small wings with a range of

. TSl 1 venation phenotypes, in which all or some veins were shifted,

truncated or missing entirely (e.g. Fig. 4A). In these
experiments the L2 and L5 veins were particularly sensitive to

ab'/ab’ brk™®/ 4 sab'Jab’ the effects of ubiquitousrk or ombexpression, although other
veins were also disrupted by high expression levels of these

B ] F B - Ziliruie WY genes (data not shown). The global effects on wing patterning

__?f - n ~—r associated with strong ubiquitous expressioromib or brk

may result from disrupting more general functions of these
primary BMP response genes in defining regional identities
within their broad domains of expression.

Ubiquitous misexpression dirk with the weaker driver,
ab'/+ omb'|+:ab' I+ C765GAL4, resulted in a range of venation phenotypes,
including selective loss or displacement of the L2 and L5 veins
(Fig. 4B), formation of a single central vein (L3) or the
complete loss of veins (data not shown). In all cases, the L2
vein was either missing or reduced to a small posteriorly
i - displaced remnant, whereas the L5 vein was shifted anteriorly
(Fig. 4B). Asbrk is expressed in a reciprocal gradient to that
of Dpp in the wing discs, ubiquitous misexpressiorbr¥,

1 1 S 1
omb’ 1+ sl 10 (ob added to its endogenous graded expression, should result in
S H g s graded but higher than normal Brk levels in the peripheral
12__; " =N = h\\_ regions of the disc. This increase in the basal levdbrkf
%_ . expression would be expected to shift the borders betlaren

1 andombor sal domains towards the center of the wing disc,
‘ consistent with the observed convergent displacement of L2
; : ’, . and L5 veins inC765GAL4; UAS-brk flies (Fig. 4B). A
omb'/omb omb'/Y;ab'/ab similar centrally compressed vein phenotype (Fig. 4D) was
observed whemrk was misexpressed in a broad zone along

: : ; 5 . . .
mutant wing lacks the distal section of L5. (B) Heterozygputsr the wing margin using theg GAL4 drl_ver (Fig. 4.C)' which
flies have a fully penetrant wild-type wing phenotype. substantially increasdwzk levels in peripheral regions of the

(C) Heterozygousmb/+ flies also have a fully penetrant wild-type ~ Wing when flies are raised at 25°C. -
wing phenotype. (D) Ammb/omb mutant female wing has a Misexpression obmbat modest levels also caused specific
notched wing margin, but no L5 truncation. (Epik™8/+; abl/ab! venation defects. For example, ectopic expressiombilong
wing has a phenotype similar to thatat/ab! homozygotes. (F) A the posterior wing margin driven bygB-GAL4 (Fig. 4C)

Fig. 3.ombinteracts genetically withb. (A) A homozygousb/ab!

trans-heterozygousmb//+; ab'/+ female wing with a distal L5 causes distal truncation of the L5 primordium near its
truncation. This is a reproducible phenotype that occurs with low  intersection with the margin (Fig. 4E, arrow). This loss of the
penetrance (3%). (G) Aomb/+; ab/ab' female wing has an endogenous L5 primordium may be a consequence of reduced

enhanced L5 vein truncation relative to that observedblifabt

controls (compare with A). (H) Aamb/Y; abl/ab! double mutant
male wing has a greatly enhanced L5 truncation phenotype relative
to that observed iabl/ab! flies (compare with A).

brk expression in these cells since ectamieh expression in
peripheral regions of the wing disc results in downregulation
of brk expression (O.C., unpublished). Another consequence
of misexpressingmbwith theVgB-GAL4 driver is the creation
of a newbrk/omb border posterior to L5. This border forms
between the narrow strip 8fgB-GAL4 expressing cells and
ombor brk to erase or shift gene expression borders, and bye posterior edge of the endogenbus expression domain,
performing clonal analysis (see below) to create new bordeess can be observed mk-lacZ; VgB-GAL4; UAS-GFP wing
between these domains. For the misexpression experiments, discs (Fig. 4C, arrow). In a fraction ¥gB-GAL4; UAS-omb
employed the GAL4/UAS system (Brand and Perrimon, 1993flies, we observed ectopic veins forming posterior to L5 (Fig.
to drive expression odbmb or brk in different patterns and 4E, arrowhead), in addition to the posterior truncation of the
levels within the developing wing disc, and then examined thendogenous L5 vein. This ectopic vein forms in the expected
consequences of these manipulations in adult wingbrldis  location of the newbrk/omb border created byVgE-
a repressor aimh misexpression dirk should eliminatemb ~ GAL4>omb expression. These observations suggest that
expression in the regions whdrek is ectopically expressed. having a sharp posteriombbrk boundary is important for L5
However, the effect of misexpressingib on brk expression formation.
has not been previously reported (see below).

To eliminate or blur the borders betwebrk and omb  omb is required cell autonomously for L5
expressing cells we misexpressamb or brk with weak or ~ development
strong ubiquitous wing drivers, as well as tg®-GAL4  In order to determine whether the boundary betwe&rand
driver, which activates localized gene expression along themb expression domains was necessary for inducing L5
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A development, we generated somatik or ombmutant clones
4 w or double-mutant clones lacking badbink and omb function
R = | (see Materials and methods for details). We first examined the
™oty ? requirement foromb by generatingomb null clones in
e different regions of the wing. Sua@mb- clones did not result
N 1 006> 0mb in any vein phenotype when they were located in central
regions of the wing (Fig. 5C, arrowhead), although these cells
By normally express high levels ombin wing discs. This result

& ‘“‘ = L2 indicates that simply having a border betweerbexpressing

e and non-expressing cells is not sufficient to induce vein
; formation. Moreover, althougbmb expression also extends
L4 into the L2 primordium (Fig. 2D-F)omb- clones located in
& this region of the wing did not disrupt formation of the L2 vein
 — C765>brk or expression of the L2 organizer géaein wing discs (Fig.

5A,B). By contrastomb clones in posterior regions of the
wing that overlapped part of the L5 vein resulted in vein loss
within the clone (Fig. 5C, arrow). Consistent with the L5 vein-
loss adult phenotype, cells withimbr clones crossing the L5
primordium in third instar wing discs failed to express the vein
marker DI (Fig. 5D), whereasmbr clones located in central
regions of the wing disc had no effect on DI expression in the
L3 or L4 primordia (data not shown). These data indicate that
ombis required specifically for the formation of the normal L5
primordium, although a border oimb expression domain is
not sufficient on its own to induce vein formation.

brk is required for the production of an L5 inductive

. . signal

N = T LALS Having established that Omb is required cell autonomously for
initiation of L5 development, we examined the rolebdf in

this process by generatinyk- mutant clones. Thesbrk=
mutant cells also misexpressnb as a result of relieving
repression by Brk (Campbell and Tomlinson, 1999; Jazwinska
et al., 1999a; Minami et al., 1999). Suati— clones create an
ectopic border betweebrk and omb if located within brk-
expressing peripheral regions of the wing disc. Whekr
clones were generated in the center of the wing they did not
result in any phenotype (data not shown), as expected from the
absence of endogenoumsk expression in these cells. By

Fi : . . - contrastbrk- clones located in positions posterior to L5 (Fig.
ig. 4. Misexpression obmbor brk preferentially eliminates or 5E terior to L2 (Eig. 5G). ind d ectoi s that
displaces the L2 and L5 veins. (A) A wing fromMS1096GAL4; ), or anterior to (Fig. ), induced ectopic veins tha
UAS-ombfly is severely reduced in size and lacks posterior veins. formed along the clone borders. In posteriwk™ clones,

(B) A wing from aC765GAL4; UAS-brk fly displays a central shift ~ €ctopic veins formed strictly within the clone abutting wild-
of the L2 and L5 veins resulting in L2 approaching or fusing with L3type cells outside the clone (Fig. 5E). Similaityk~ clones

(i.e. 0-4 cells apart compared with 10-12 cells apart in wild type), examined in third instar wing discs ectopically expressed the
and L5 approaching or fusing with L4 (i.e. 0-9 cells apart compared vein marker DI in a narrow ring of cells encircling the inside
with 18-20 cells apart in wild type). By contrast, the space between of the clone border (Fig. 5F). This arrangement of cells mimics
the central L3 and L4 veins remained relatively unaltered (14-16 e orma) situation for L5 initiation, in that the induced vein

cells apart compared with 16-17 cells in wild type). All distance L - . .
measurements between veins were made in the central region of thfaormS within a domain obmb expression adjacent tork-

wing. (C) A third instar larval wing imaginal disc (anterior at the top) ©XPressing cells. _
from abrk-lacZ VgB-GAL4; UAS-GFP individual, grown at 22°C, Anterior brk= clones located several cell diameters away

stained fo3-Gal expression (red) and examined for GFP from the endogenous L2 vein also induced ectopic veins
fluorescence (green). Note the posterior domain in which green  running within and along the clone border (Fig. 5G, red
VgP>GFP expression abuts the posterior edge oftkeexpression  arrowhead). In third instar wing discs, comparably located
domayn (arrow), and note that expression of GFP contlnues_alo_ng thEones ectopically expressed the L2 vein organizing ¢ene
mhargln. Stronger and ‘.N'dder GZFSPg)Ezressmn V\;]as O?S?[;‘)’T in dls,fcs Within the clone (Fig. 5H). Howevdnrk= clones located in the
the same genotype raised at 25° ata not shown). wing fro . e : ) - .
aVgB-GAL4; UAS-brk fly grown at 25°C displays a central shift of rﬂn_medlate vicinity of t_he endogenous L2 vein Ind_uced ectopic
the L2 and L5 veins resulting in fusion of L2 with L3, and of L4 with V€IS along the outside border of the clone (Fig. 5G, black
L5. (E) A wing from aVgB-GAL4; UAS-ombfly grown at 22°C, arrowhead). The potential bags for t_he different behawors. of
which has a notched margin, truncated L5 vein (arrow) and a long anteriorbrk= clones as a function of distance from the L2 vein
ectopic vein posterior to L5 (arrowhead). Scale bars: 0.5 mm. is discussed below.
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Fig. 5.brkinduces L5 formation in adjaceoinb-expressing cells. Clonal
analysis obmbandbrk function in L5 development. Adult wings and wing
imaginal discs are oriented with the anterior at the top. In adult wings, ventral
clones are outlined in blue and dorsal clones are outlined in red. Clones in
wing discs are marked by the absence of GFP expression. (A) Wing with an
anterior dorsabmlbr clone. The L2 vein extends uninterrupted through the
clone. (B)kni expression (red labeling) is normal inside an antenmolo™

mutant clone (arrowhead) in a third instar larval wing imaginal disc. (C) A
wing with posterior dorsaimb- clones. The clone anterior to L5 (arrowhead)
does not cause any vein phenotype, whereas the clone that crosses L5 results
in vein truncation (arrow). (D) DI expression (blue labeling) is lost within a
posterioromb mutant clone (arrowhead) in a third instar larval wing imaginal
disc. (E) A wing with a posterior ventratk— clone. An ectopic vein runs

strictly inside and along the clone border. (F) Dl is ectopically expressed (blue
labeling) within and encircling a posteriork- clone (arrowhead) in a third

instar larval wing imaginal disc. (G) A wing with an anterior vertirat

clone. An ectopic vein lies along the border, within the clone (red arrowhead),
except near the branch-point with L2 (black arrowhead) where it runs just
outside of the clone. (Hni is ectopically expressed (red labeling) within an
anteriorbrk- clone (arrowhead) in a third instar larval wing imaginal disc.

(I A wing with overlapping dorsal and ventral posteanb- brk- double

mutant clones. Ectopic disorganized veins form within the clone interior.

(J) DI (blue labeling) is expressed within a posteoiol brk- double mutant
clone (arrowhead) in a third instar larval wing imaginal disc. DI is expressed
in unorganized pattern, within the interior of the clone. (K) A wing with
anterior ventral and dorsaimb- brk- double mutant clones. A short segment

of vein runs within the interior of the dorsal clone. ki) is not misexpressed
(red labeling) within anterioombr brk- double mutant clones (arrowheads) in

a third instar larval wing imaginal disc. (M) Posterior ventral and dor&al
clones inabl/ab! mutant flies. The vein running along the posterior clone
border is truncated (red arrowhead) in a similar location as the endogenous L5
vein (black arrowhead). In addition, a segment of vein forms within the center
of the ventral clone. The phenotypes for Ithie- clones shown in this panel

and in E are representative clones scored posterior to or overlapping the L5
vein. Among a total of 44 suditk- clones generated in a wild-type

background, 31 (70%) had veins extending for more than half of the
proximal-distal length of the clone. These veins all formed inside and along
the clone borders. The remainingldr& clones had shorter segments of vein,
which also ran along and within the clone borders. Among 15 comparably
situatedbrk- clones generated in @ background, 3 (20%) had veins that
extended along more than half the length of the clone border. The remaining
clones had only short segments of vein and only 3 (20%) had disorganized
vein material forming within the interior of the clone. No such internal
disorganized veins were observed in any ofttke clones generated in a
wild-type background. (N) Ab expression (blue) along the bordebdta

clone located posterior to L5. No such ectopic Ab expression was observed in
brk- omb- double mutant clones (O.C., unpublished).

The above analysis of therk- and ombr single mutant posteriorly located double-mutanmb- brk= clones in third
clones suggests thatbrk-expressing cells induce L5 instar wing discs did not induce expression of the vein marker
development in adjacenobmboverexpressing cells. This DI along clones borders. In some of theseb brk- clones,
condition is met whetork- clones are generated in posterior we observed diffuse expression of DI or fragments of internal
regions of the wing, as loss lofk activity in these cells results DI expression (Fig. 5J), and in other cases we observed no DI
in de-repression aimbexpression (Sivasankaran et al., 2000).expression at all (data not shown). One unexpected result was
To test whetheombexpression is required for the induction of that althoughomb is not required for formation of the
ectopic veins withinbrk= clones, we generatedmb™ brk-  endogenous L2 vein, it is essential for formation of ectopic
double mutant clones. In contrastidc single mutant clones, veins observed in anteriorly locatdntk- clones. Thus, in
we did not observe consistent induction of veins running alongontrast to the ectopic veins which formed along the inside
the edges odbmbr brk=clone borders. In many cases, double-borders of anteriobrk= single clones, similarly positioned
mutantomb brk- clones contained no veins at all. In otheromb brk- double mutant clones generally did not form any
cases, patches of vein material were observed that tended todmtopic veins (Fig. 5K), nor did they induce ectopic Kni
either short fragments of vein, which did not follow the cloneexpression within the clone boundary (Fig. 5L). This finding
boundary, or diffuse random veins meandering within the clonsuggests that the ectopic veins in anteldc clones may
(Fig. 5l). Consistent with this adult wing-vein phenotype,not have a simple L2 identity (see Discussion below).
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Cumulatively, this clonal analysis reveals that induction of thénduction of L5 formation along the  brk/omb border

L5 primordium depends on two conditions being met: (1) celin a previous model for establishing the position of the L5
autonomous Omb activity; and (2) non-autonomous inductioprimordium, it was proposed thagl/salr was the only Dpp

by Brk acting across a sharp border with adjacemb  target gene responsible for wing vein patterning, which
expressing cells. determined the anterior position of the L5 primordium by
. repressing expression of IroC genes (de Celis and Barrio,
ab acts downstream of  brk in L5 development _ 2000). It was also suggested that IroC gene expression was
As ab functions at an early stage in L5 development (i.e. as @irectly dependent on BMP signaling and that fading of the
vein organizing gene), we investigated whether Ab was alsgMP activity gradient determined the posterior limit of IroC
misexpressed along the borderbok™ clones. We found that, gene expression (de Celis and Barrio, 2000).

as in the case of DI, a ring of ectopic Ab expression |n the current study, we examined the role of two other Dpp
circumnavigated the interior border bfi- clones located in  target genes, which are expressed in domains abuiiikigof

the vicinity of the endogenous L5 primordium (Fig. SN). Byjust including omb) the L5 primordium, in establishing the
contrast, no such Ab expression was observedmbyr brk™  position of this vein. Our results, suggest an alternative model
double mutant clones (data not shown). These results afgr how the BMP activity gradient induces formation of the L5
consistent with activation atb expression being downstream primordium in the posterior compartment of the W|ng (F|g 6)

of abrk-induced signaling event.. . . According to this model, L5 development is initiated within
We also determined whethab is required to mediate the

formation of ectopic veins observed lirk- clones. We

addressed this question by generatingc clones in an Dpp Signaling

abl/ab! mutant background and scoring adult-vein phenotype ' )

in various regions of the wing primordium. This analysis 'L ¢l¢ ¢ !

revealed that the frequency of ectopic veins within clone v 4’ vy

located in the vicinity of L5 was significantly reducedit— ] Sal

clones produced irabl/ab! versus wild-type backgrounds. Brkﬁ: !\ Brk

Omb §{ +—

Some clones that formed posterior to L5 resembftatbrk-
double mutant clones, in that they either lacked veins entirel - ¢
or had veins running diffusely within the clone region but not 5,;_’—\:
along the boundary (Fig. 5M, blue outlined clone). In largel :

clones, veins followed the clone border in proximal regions o
the wing for a short distance, and then ended as the clo

entered the distal regions (Fig. 5M, red arrowhead; compal P ._ 0'?"’ Sal—lkni A
with Fig. 5E), where the endogenous L5 vein is truncated i : R 3
ab/ab! mutants (Fig. 5M, black arrowhead; see legend fo o Xk 3

quantification). These results suggest thlats an essential
mediator ofbrk- and omb-dependent induction of the L5
primordium.

e~ —

Discussion Fig. 6. A model for induction of the L5 primordium along the
Morphogens play a central role in controlling growth andombbrk border. The expression domain of the two Dpp signaling
differentiation in both invertebrate and vertebrate developmentarget genesmb(blue) andsal (green) is defined by their sensitivity

A well-studied example of morphogen-dependent patterning i activation by Dpp and repression by Brk (red domains), in extreme
long-range diffusion of Dpp from its source in the center of th@nterior (A) and posterior (P) regions of the wing disc. L5 forms

wing disc to establish AP positional information (Affolter et along the posterior border betwemmbandbrk domains (solid blue
jine) following activation of the L5 organizer geak brk-

5 transiated o threshold-dependent bxpression of a set SPIESSNg cells on one side of the border produce a shortrange

- . . . signal (YY) to which they cannot respond. This signal diffuses to the
transcription factors in broad domains along the AP axisseighboring cells and, in combination with Omb, activates
Several transcription factors, such s, omb and vg, are  expression ofibalong the border (yellow stripe). The green dotted
expressed in a nested series of central domains in direiie, which marks the posterior extent of straadgexpression,
correlation to Dpp protein levels and BMP pathway activatiorcorresponds to a cryptic paravein border located midway between L4
(Lecuit et al., 1996; Nellen et al., 1996). A key transcriptionaknd L5 (Sturtevant et al., 1997). This model is similar to that
mediator of BMP signaling is the repressor Brk, which issuggested for L2 formation along the border of the high kel
expressed in a reciprocal pattern to that of Dpp as a result ®fPression domain (Lunde et al., 1998). In the case dfdl2,
repression by the BMP signaling pathway (Muller et al., 2003)EXPressing cells produce a short range signal (X), to which they
Each of these transcription factors specifies sub-populations gfmnot respond due to repression by Sal, and this signal induces the

X . xpression of the L2 organizer geae along the border of cells just
cells along the AP axis, which can send, and/or respond tgnterior to thesal domain (yellow stripe). The blue dotted line,

various secondary local signals. These local interactiongpich is indicated within the domain of stroambexpression along
between adjacent domains of cells create fine-scale positiong anterior border and adjacent to cells expressing high levet, of
information for organizing specific structures such as wingnay correspond to a cryptic paravein border located between L2 and
veins in precise locations. the wing margin.

L2
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the posterior region of the wing whetegk and omb are  Brk plays a role in positioning the L2 primordium

expressed in adjacent domains with a sharp border betweBnevious analysis of L2 initiation lead to a model in wtiah
them. Asbrk- clones induce vein development within the cloneexpressing cells produce a short-range vein-inductive signal
along the border withrk*-neighboring cells, we suggest that (X) to which they cannot respond (Fig. 6) (Sturtevant et al.,
brk-expressing cells produce a short-range vein-inductivdé997). In response to signal X, neighboring cells outside of the
signal, Y, to which they cannot respond. This signal acts osal domain express the L2 vein-organizing gekeisandknrl
neighboringgmb-expressing cells to initiate vein development. (Bier, 2000; Lunde et al., 1998). In addition, analysis of an L2-
The additional cell-autonomous requirement for Omb activityspecific cis-regulatory element of tkai/knrl locus provided

to respond to this Brk-derived signal suggests that thadirect evidence for negative regulation by a repressor,
intracellular effector of the vein inductive signal Y must act inpossibly Brk, expressed in peripheral/lateral regions of the
combination with Omb to induce vein formation. Because Brkwing disc (Lunde et al., 2003).

is a repressor afmbexpression, the combined requirement for In the current study, we find that anterk— clones result

the short-range Brk-derived vein-inductive signal and Ombn two different phenotypes, depending on their distance from
activity within responding cells constrains L5 initiatiorotaly ~ the L2 primordium. First, as suspected from analysis of the L2-
expressing cells adjacent tork-expressing cells. In this enhancer element, Brk acts in a cell-autonomous fashion to
scheme, Brk plays at least two distinct roles in L5 inductiontepresskni/knrl expression. This effect of Brk is observed in
First, as a repressor ofmb Brk defines the border between clones located several cell diameters anterior to the L2
the brk and omb expression domains, and, secormtk- primordium. The cell-autonomous induction of veins within
expressing cells are the source of a vein-inductive signdhe borders of thesérk- clones can be explained by a
required to initiate L5 development within adjacerhb  mechanism similar to that operating within the posterior

expressing cells. compartment, wherebrk-expressing cells induce vein
. . o development in adjacent cells. In such clones, lodsiof-
ab functions as the L5 vein organizing gene function does not result in significant levels of ectopic

A key mediator of L5 induction is the Ab transcription factor,sal expression (Campbell and Tomlinson, 1999) (O.C.,
which is expressed in a narrow stripe alonghitidombborder,  unpublished). The absence of a vein outside of these clones
just within the omb expression domainab is required for could result from a combination of three effects. First, the low
expression of all known vein genes and for downregulation dévels ofsal in such clones is not likely to be sufficient to
intervein genes in the L5 primordium (Fig. 1) (Biehs et al.activate expression of appreciable levels of signal X. Second,
1998). Similarly, the ability obrk- clones to induce an ectopic Brk levels outside of the clones are higher than in the L2
posterior vein depends ab function. In addition, localized region, which presumably represss expression effectively
misexpression aéb in small flip-out clones leads to induction in cells surrounding thbrk- clones. Finally, there is evidence
of vein markers in wing imaginal discs and to the formation othat low levels ofsalr and/or salm are required for L2
ectopic patches of vein material. The vein-organizing activitydevelopment (de Celis and Barrio, 2000), and detectable
of ab depends on its being expressed in a localized pattern, aadogenous expression &l extends only a short distance
ubiquitous expression o&b suppresses vein development beyond the L2 primordium.
throughout the wing disc. This effect of ubiquitoad® The second phenotype associated Wwiltr clones, which is
misexpression is similar to that observed previously forestricted to clones located immediately anterior to L2, is a cell
ubiquitous expression @i or knrl, in which all distinctions non-autonomous effect in which short segments of vein form
between vein and intervein regions were lost althouglalong the clone border just outside of the clone. This non-
expression of other genes in the wing disc was not perturbeditonomous effect dfrk- clones located at branch points with
(Lunde et al.,, 1998). One explanation for this vein-erasingt2 may be explained by the de-repression of Sal within such
phenotype is thakni/knrl and ab control the expression of a clones. Assal expression also requires a positive input from
lateral inhibitory signal. Consistent with this possibility, smallthe BMP pathway, relieving repression by Brk induces high
ab flip-out clones autonomously express the lateral inhibitoryevels of Sal for only a short distance anterior of the L2
signal DI. According to the model in Fig. 6, establishment oprimordium (Campbell and Tomlinson, 1999) (O.C.,
the L5 primordium requires input from botomb (cell  unpublished). Thessalexpressing cells should produce the
autonomous) anbrk (cell non-autonomous), which collaborate L2 inductive signal X, which acts in a cell non-autonomous
to initiate ab expression in a narrow stripe along their bordersfashion, as proposed in the model for L2 formation (Fig. 6).
A curious phenotype associated with sotmé& clones An interesting question regarding veins forming within more
generated in aab/ab! background is the formation of diffuse anteriorly locatedrk- clones is do they have an L2- or an L5-
wandering veins within the interior of the clone. A similar like identity? On the one hand, these veins exgmeisdut not
disorganized ectopic vein phenotype is also observed in @I, suggesting that they have an L2-like identity. On the other
fraction of omb brk- double mutant clones. This phenotype hand, the ectopic veins induced anteriorly k- clones
may reflect the lack of a lateral inhibitory factor (e.g. DI)require omb function, as do L5-like veins generated in the
produced byab-expressing cells to suppress vein formation inposterior compartment of the wing. This latter observation
neighboring cells. The observation that ubiquitous expressiosuggests that therk- border in anterior regions acts as it does
of ab suppresses vein formation throughout the wing disc ign posterior regions of the wing disc, but that its effect may be
consistent with this possibility. It is also possible thatb  mediated by the L2 organizirighi/knrl locus rather than the
plays a role in promoting intervein development as well as ih5 organizing geneab. This hypothesis might provide an
activatingab expression. Additional analysis will be needed toexplanation for why ectopic veins that form in various mutant
address this question. backgrounds tend to form along a line running between the L2
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vein and the margin (which we refer to as the P2 paraveimgradients is converted into the stereotyped pattern of wing vein
(Sturtevant et al., 1997). This sub-threshold vein promotingnorphogenesis. Each of the four major longitudinal veins (L2-
position may be defined by the anterior bordeorifandomb  L5) is induced by a for-export-only mechanism in which cells
expression. Further analysis of the identity of these ectopin one region of the wing produce a diffusible signal to which

veins will be required to resolve this question. they cannot respond. In the case of L3 and L4, an EGF-related
o ) ) ) signal (Vein) is produced between these veins in the central

Similarities and differences between induction of organizer where expression of the EGF receptor is locally

the L2 and L5 vein primordia downregulated (Crozatier et al., 2002; Mohler et al., 2000;

As the L2 and L5 veins form at similar lateral positions withinVervoort et al., 1999). With respect to L2, response to the vein-
the anterior and posterior compartments of the winginductive signal X is repressed in Sal-expressing cells that
respectively, it is informative to compare the mechanisms bgroduce the hypothetical signal X (Lunde et al., 1998;
which positional information is converted into vein initiation Sturtevant et al., 1997). Finally, the L5 vein-inductive signal
programs in these two cases. The positions of these two veippduced by brk-expressing cells depends asmb the
are determined by precise dosage-sensitive responses to BM¥pression of which is repressed by Brk.
signaling emanating from the center of the wing, which are For-export-only mechanisms also underlie the induction of
mediated by the borders of the broadly expressed, Dppoundary cell fates in many other developmental settings. In
signaling target genesal and omb. Brk also plays a role in the well-studied Drosophila wing, the earliest and most
initiating both L2 and L5 development. In the posteriorrigorously defined boundaries are the AP and DV borders,
compartment, Brk leads to the production of a hypotheticalvhich are determined by Hh and Notch signaling, respectively.
vein-promoting signal Y, which has a similar function andThese compartmental borders define domains of non-
range as the putative L2 vein-inducing signal X, produced bintermixing groups of cells, and function as organizing centers
salexpressing cells. It is not clear whether the signals X anly activating expression of the long-range morphogens Dpp
Y are the same or different; however, an important differencand Wingless (Wg), respectively (reviewed by Sanson, 2001).
between L2 and L5 initiation is that only L5 has an additionaln both cases, cells in one compartment produce a signal to
requirement foombfunction. This dual requirement fomb  which they cannot respond. This signal is constrained to act
function within the L5 vein primordium and a short-rangeonly on neighboring cells in the adjacent compartment. Other
inductive signal in neighborinigrk-expressing cells provides a well-studied examples of for-export-only signaling include:
stringent constraint on where the L5 primordium forms. Brkinduction of the mesectoderm in blastoderm stagesophila
may also directly repress expression of the vein-organizer gereenbryos by a likely cell-tethered Notch ligand expressed in
ab in cells posterior to the L5 primordium, in analogy to itsthe mesoderm (Cowden and Levine, 2002; Lecourtois and
proposed role as a repressorkaf/knrl anterior to L2. One Schweisguth, 1995; Lunde et al., 1998; Morel et al., 2003;
possible rationale for induction of the L5 vein depending orMorel and Schweisguth, 2000); induction of parasegmental
inputs from bottombandbrk is that these genes are expressedexpression ofstripe via Wg, Hh and Spi signaling in
in partially overlapping patterns and neither pattern may carrgastrulatingDrosophilaembryos (Hatini and DiNardo, 2001);
sufficiently detailed information to specify the position of theinduction of mesoderm inXenopus embryos by factors
L5 primordium alone. Although themband brk expression produced in the endoderm under the control of VegT (reviewed
levels fall off relatively steeply (i.e. over a distance of six toby Shivdasani, 2002); and formation of the DV border of leaves
eight cells), these borders are not as sharp as the am@rior in plants controlled by theHANTASTICAjene (Waites et al.,
border (two to three cells wide), which alone is sufficient t01998). The similar but distinct mechanisms for inducing the
induce the L2 primordium. L2 and L5 vein primordia offers a well-defined system for
A final similarity between the initiation of L2 and L5 examining these relatively simple cases in depth. These
formation is that induction of both veins is mediated by a veininductive events take place at the same developmental stage but
organizing gene that regulates vein and intervein genwithin separate compartments of a single imaginal disc, and
expression in the vein primordium. Althougghi andab are  should provide general insights into the great variety of
members of different subfamilies of Zn-finger transcriptionmechanisms that can be co-opted to accomplish for-export-
factors, they are both expressed in a narrow stripe of celtmly signaling.
along their respective inductive borders, and ubiquitous
misexpression of either gene [see Fig. lalarand see Lunde We thank Jennifer Trimble for critical comments on the manuscript,
et al. (Lunde et al., 1998) fdmi] results in elimination of and Dave Kosman and Mieko Mizutani for help with confocal
vein pattern in the wing disc. Thus, the L2 and L5 veins ar nalysis. We thaqk Chris Rushlow, Steve Cohen, Konrad Basler, Gert
induced by remarkably similar mechanisms and principles Offlugfelder, José-Luis Gomez-Skarmeta and Sean Carroll for

izati Furth . fth hani fth roviding fly stocks; and thank David Kosman, Marc Muskavitch,
organization. urther comparison or the mechanisms or tNegg, ;g Affolter, Gerard Campbell and Adi Salzberg for providing

developmental programs should provide insights into th@niipodies. We also thank the reviewers for their helpful comments.
degree to which general and specific vein processes define th@s work was supported by NIH grant RO1 GM60585.
L2 versus the L5 vein identity.
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