4145

Development 125, 4145-4154 (1998)
Printed in Great Britain © The Company of Biologists Limited 1998
DEV3896

The knirps and knirps-related genes organize development of the second

wing vein in Drosophila

Karen Lunde 1#, Brian Biehs 1#, Ulrich Nauber 2 and Ethan Bier 1*

1Department of Biology and Center for Molecular Genetics, University of California, San Diego, La Jolla, California 92093, USA
2Max-Planck-Institut fiir biophysikalische Chemie, Abt. Molekulare Entwicklungsbiologie, Am Fassberg 11, D-37077 Géttingen,
Germany

*Author for correspondence (e-mail: bier@biomail.ucsd.edu)

*These authors contributed equally to this work

Accepted 14 August; published on WWW 30 September 1998

SUMMARY

The neighboring homologous knirps (kni) and knirps-  breakpoints in the kni/knrl locus indicate that the ri

related (knrl) genes in Drosophila encode transcription
factors in the steroid hormone receptor superfamily.
During early embryogenesiskni functions as a gap gene to
control expression of segmentation genes within the
abdominal region of the embryo. In this study, we present
evidence thatkni and knrl link A/P positional information
in larval wing imaginal discs to morphogenesis of the
second longitudinal wing vein (L2). We show thakni and
knrl are expressed in similar narrow stripes corresponding
to the position of the L2 primordium. The kni and knrl L2
stripes abut the anterior border of the broad central
expression domain of the Dpp target genepalt major
(salm). We provide evidence thatadius incompletudri), a
well-known viable mutant lacking the L2 vein, is a
regulatory mutant of the kni/knrl locus. In ri mutant wing
discs, kni and knrl fail to be expressed in the L2
primordium. In addition, the positions of molecular

function is provided by cis-acting sequences upstream of
the kni transcription unit. Epistasis tests reveal that the
kni/knrl locus functions downstream ofspalt major (salm)
and upstream of genes required to initiate vein-versus-
intervein differentiation. Mis-expression experiments
suggest that kni and knrl expressing cells inhibit
neighboring cells from becoming vein cells. Finalljkni and
knrl are likely to refine the L2 position by positively auto-
regulating their own expression and by providing negative
feedback to represssalm expression. We propose a model
in which the combined activities ofkni and knrl organize
development of the L2 vein in the appropriate position.

Key words: Pattern formation, Imaginal disc, Wing vein, Boundary,
Positional information, Steroid hormoreirps, radius incompletus
spalt, rhomboid, Drosophila melanogaster

INTRODUCTION (Sturtevant et al., 1997). These observations indicate that
salm expressing cells induce thesalm non-expressing

A major problem in development is how positional neighbors to become the L2 primordium. In addition to the
information leads to the formation of morphological L2 vein forming along thealmboundary, it is likely that the
structures in the organism. The patterning of longitudinalL3 and L4 veins form, respectively, along the anterior and
veins along the anterior-posterior (A/P) axis of theposterior borders of a narrow central domain of anterior
Drosophila wing is a particularly well-suited system for compartment cells engaged in Hedgehog signaling (Phillips
forging such a link between primary patterning events andt al., 1990; Johnson et al., 1995; Sturtevant et al., 1997;
morphogenesis. A variety of evidence suggests that winllullor et al., 1997; Biehs et al., 1998).

veins form at boundaries between discrete sectors, which The position of the L2 vein is determined by a chain of
subdivide the A/P axis of the wing imaginal disc (Sturtevanknown developmental events, beginning with the primary
and Bier, 1995; Sturtevant et al., 1997; Biehs et al., 1998%ubdivision of the wing imaginal disc into anterior versus
The clearest example is the second longitudinal wing veiposterior lineage compartments (see below and Lawrence and
(L2) primordium, which forms just anterior to a domain of Struhl, 1996, for review). The subdivision of body segments
cells expressing the transcription factor encoded bgplaét  such as the wing primordium into anterior and posterior
major (salm) gene in wild-type third instar wing discs compartments, in turn, can be traced back to early A/P
(Sturtevant et al., 1997). In mutant discs containing clones gfatterning of the blastoderm stage embryo (Lawrence and
cells lacking salm function, ectopic branches of L2 are Struhl, 1996; Sturtevant et al., 1997). To summarize these
induced that track along and inside gan clone borders events briefly, the posterior compartment fate is defined by
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expression oéngrailed (e, which activates expression of the Joan Hooper (University of Colorado Health Science Center, Denver)
short-range Hedgehog (Hh) signal in posterior compartmerior thehh' stock, Walter Gehring (Biozentrum, University of Basel,
cells (Tabata et al., 1992, 1995; Lee et al., 1992; Mohler anggsel, Switzerland) for the A405.1M2 sal-laedhancer trap stock,
Vani, 1992; Zecca et al., 1995) and prevents posteridPOud Ruden (University of Kansas, Lawrence) for providing the hs-
compartment cells from responding to Hh (Sanicola et al |§n| stock (= kni[hs.PR]; Oro et al., 1988) and sevknablleles, Ruth

. } hmann (Skirball Institute, New York) for thf(3L)riXT2 allele
1995; Zecca et al, .1995’ Tabata et al., ;995)' Secreted_ Lehmann, 1985), and Fotis Kafatos (Harvard University, Cambridge)
travels a short distance (6-8 cells) into the anterio

A . . or providing the UAS-salrand UAS-salrlines. Other balancers and
compartment where it initiates a sequence of S|gnallng eventghromosomm markers (Lindsley and zZimm, 1992) were obtained

culminating in the activation of several Hh target genesiom either the Bloomington Indiana Stock Center or the Bowling
including decapentaplegi€dpp) (Tabata and Kornberg, 1994; Green Stock Center.

Basler and Struhl, 1994; Capdevila and Guerrero, 1994; _

Capdevila et al., 1994; Zecca et al., 1995; Ingham and Fiet¥l0saic analysis

1995; Tabata et al., 1995), which encodes a secreted proté#pnes were generated using the FLP-FRT recombinase system
(Dpp) in the TGFB superfamily (Padgett et al., 1987). Dpp (Golic, 1991)." Larvae of the genotypes Rfp; ck salnf®
synthesized in this narrow strip of cells travels significanFRTmA/FRﬁOA_ (Sturtevant et al, #?97):[80%'59’ C_||(_80§a|lﬁ
distances in both the anterior and posterior directions thr) /RIS i, or HS-Flp; mwh kil FRT*5M FRT™ were

tivat . f Doo t t h as th iahb eat-shocked during the first and second instar stages to gesadmate
activate expression ot Dpp target genes such as the neighborifig i mosaic clones. Clone boundaries were scored by the recessive

salm and spalt-related(salr) genes (Reuter et al., 1996) in & c or mwhtrichome markers under a compound microscope.
threshold-dependent fashion (Nellen et al., 1996; Lecuit et al.,

1996; de Celis et al., 1996; Singer et al., 1997). JuxtapositiddAS transformation constructs

of salm expressing andalm non-expressing cells induces The full coding region of &ni cDNA (Nauber et al., 1988; kindly
expression of thehomboid (rho) gene in a stripe 1-2 cells provided by Steve Small), which is carried oKpnl-Xbal fragment,
wide, corresponding to the L2 vein primordium (Sturtevant ewas subcloned into the corresponding sites of the pUAST vector
al., 1997)rho then promotes differentiation of all longitudinal (Brand and Perrimon, 1993). The full coding region of the éDNA
veins during late larval and early pupal development b arried on arEcoRI fragment (Oro et al., 1988; kindly provided by
potentiating signaling through the EGF-R/RAS pathwa on Evans) was cut out of a pBluescript vector Wtt and Xhol

) - -Zand subcloned into the corresponding sites of pUAST. These
(Sturtevant et al., 1993; Noll et al., 1994; Sturtevant and Bief,,sircts were transformed into flies by P element-mediated

1995)_- o . ermline transformation according to standard procedures.
An important unanswered question is whether the signal(s

passing between salmxpressing andalm non-expressing Mapping of kni and ri breakpoints

cells directly induces formation of the L2 primordium, or Restriction fragments isolated from a lambda phage walk covering
functions indirectly through an intermediary gene(s). If theover 70 kb of thekni upstream region were used as probes to
salm border functioned directly to induce the L2 fate, thedetermine the locations of various chromosomal breakpoints on
anterior salm border would be expected both to activateSouthern blots.

expression of vein-promoting genes such asahd,to repress Mounting fly wings

expression of '”tef"e'” genes. Alternatlvely,_ gam border' Wings from adult flies were dissected in isopropanol and mounted in
might activate an intermediate tier of genetic control, which 590¢ Baisam Canada mounting medium (Aldrich #28,292-8).
would then organize expression of vein and intervein gene '

expression in the vicinity of a narrow L2 stripe. In this study,n situ hybridization to whole-mount embryos or

we provide evidence for the latter alternative. We show that thgiscs

neighboringknirps (kni) and knirps-related (knrl) genes, which |, sjwy hybridization using digoxigenin-labeled antisense RNA probes
encode related transcription factors in the hormone recept@®'Neill and Bier, 1994) was performed alone or in combination with
superfamily, are expressed in narrow stripes at the position @htibody labeling, as described in Sturtevant et al. (1993). The anti-
the L2 primordium, and are required for formation of the L2DI antibody (Kooh et al., 1993) was kindly provided Marc Muskavitch
vein. We provide evidence thadius incompletugri), a well- and the anti-Bs antibody (Montagne et al., 1996) was kindly provided
known wing vein mutant lacking most of the L2 vein, is aby Marcus Affolter.

regulatory allele of thekni/knrl locus, which specifically

eliminates expression of kandknrl in the L2 primordium.

Epistasis experiments reveal that #ré/knrl locus functions RESULTS

upstream ofrho and downstream of salnkni and knrlare o o

likely to function by organizing gene activity in the position of radius incompletus is a likely regulatory allele of the

the L2 primordium rather than by promoting vein fates oveKnirps/knirps-related locus

intervein fates per se. We discuss several models by whichdius incompletuqri) is a well-known mutant that has a
kni/knrl locus genes may link the antersalmborder to the severely truncated L2 vein (Fig. 1, compare B withrAjnaps

L2 vein fate. (Arajarvi and Hannah-Alava, 1969) very close to the
neighboring and functionally equivaldati andknrl genes (Oro
MATERIALS AND METHODS et z_il., 1988; Nauber et al., 1988; Rothe et aI_., 1992; Gonzéle_z-
Gaitan et al., 1994). We observed that four different embryonic
Fly stocks lethal kni alleles fail to complement when the rimutation is

All genetic markers and chromosome balancers used are describedciarried on a chromosome (eTgM3 ri) that is rearranged with
Lindsley and Grell (1968) and Lindsley and Zimm (1992). We thankespect to th&ni mutant chromosome (Fig. 1C). The failure of



multiple kni alleles to complement indicates that ris likely
to be an allele of thkni/knrl locus. These sankmi alleles fully
complementi, however, when the and knialleles are carried
on non-rearranged chromosomes (data not shown).
Drosophila, regulatory and coding regi~=

mutations in the same gene freque
complement, a phenomenon referred t
transvection (Lewis, 1954; Geyer et al., 1¢
Wu, 1993; Goldsborough and Kornbe
1996). Unlike other forms of inter-alle
complementation, transvection requires
the two mutant chromosomes be co-lir
and can be blocked by inverting «
chromosome with respect to the other.
failure of ri and kni point mutations t
complement when transvection is blocke:
chromosomal rearrangement suggestsril
is a cis-acting regulatory mutation in

kni/knrllocus. As the L2 vein-loss phenoty
is more variable and typically less comp
in kni/TM3 ritrans-heterozygous flies thar
ri/ri homozygotes, it is likely that botkni
andknrl contribute to rifunction. Consistel
with kni and knrl providing overlappin
functions in promoting L2 development,
L2 vein forms normally in wings containi
kni~ single mutant clones, which cover the
vein on both the dorsal and ventral w
surfaces (Fig. 1D). Allelism between anc
the kni/knrl locus is further supported by 1
observation that low level ubiquitc
expression of &ni cDNA transgene in UAS
kniEP flies can rescue thg L2 truncatior
phenotype (Fig. 1, compare E with

although the position of the ‘rescued’ L2 v
is displaced anteriorly relative to the w
type L2 vein (Fig. 1F).

Consistent wittkni and knriplaying a rols
in L2 vein formationkni (Fig. 1G) and kni
(Fig. 1H) are expressed in similar nar
stripes corresponding to the position of
L2 primordium. kni-expressing cells abut
anterior border of strongpl-lacZexpressio
and express little or no detectable lgc2¢
also below, Fig. 4A). For convenience,
hereafter refer to thedeni expressing cel
as salm non-expressing cells. Consist
with the genetic evidence thai is &
regulatory mutant of the kiinrl locus, the
L2 stripes ofkni and knrl expression ai
absent in rimutant discs (Fig. 1, compar
with G; knrl data identical, not showi
Outside the wing pouch off discs, howeve
kni andknrl are expressed normally (arr
in Fig. 11).

In support of the genetic evidet
suggesting that ris a cis-acting regulato
allele of thekni/knrl locus, we have mapp
ri function to a region lying immediate
upstream of the krranscription unit (Fi¢
2). The viable deletiof(3L)riXT2, which

kni/knrl genes organize L2 primordium 4147

exhibits a strongi phenotype when homozygous or in trans to
ri (Lehmann, 1985), lacks approximately 50 kb of DNA
upstream of the kriranscription unit and defines the limits of
in function. The 3breakpoint oDf(3L)riXT2 maps to a 1.7 kb
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4
5
WT ri kni[9)/TM3 ri
B E F
S - WT
kni[9] clones UAS-kni[EP] ri UAS-kni[EP] ri
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. ‘3"51 P \"" —"‘\. .

WT kni WT knrl

Fig. 1. ri is a regulatory allele of tHeni/knrl locus. (A) A wild-type adult wing.

Longitudinal veins L1-L5 are labeled 1-5. L1 is continuous with the wing margin vein.
(B) A ril/ril adult wing. (C) A krfi'TM3 ril wing. The L2-loss phenotype in these trans-
heterozygotes is fully penetrant, although weaker and more variable than that observed
for ril/rilwings. We also observed partial failure to complemenT¥8 ril L2 vein loss
phenotype by kai(= kniF), knid (= knit4F) and knf (= knF€13, which were less
penetrantKnil, kn®) or less extreme (khiknB andkni®) than observed fdmi® (= knil)

(see Lindsley and Zimm, 1992 for origins of kni alleles). The darirleles that failed

to fully complement TM3 Halso failed to complement another rearranged chromosome
carrying rit (In(3L) LDG, fz st cp in #), although the penetrance and expressivity of the
vein-loss phenotype were less than observed with TM3aiour knowledge, mutant

alleles of knrlhave not yet been recovered. (D) An adult wing with normal venation
containing two large anterior compartmént™ clones, which cover the L2 vein on both

the dorsal (red line) and ventral (blue line) surfaces of the wing. (E) Phenotype is
rescued by a single copy of&AS-knicDNA transgene in the UABRIEP P element

insertion line, which is expressed ubiquitously throughout the wing pouch with elevated
levels observed in future proximal regions of the wing blade and in a broad longitudinal
strip in the vicinity of L3 (data not shown), presumably as a consequence of chromosomal
position effects or ‘enhancer piracy’ (Noll et al., 1994). The L2 vein truncation phenotype
is rescued with high penetrance in UASERmi 1/rilflies, but the rescued L2 vein is
consistently displaced anteriorly relative to the normal position of the L2 vein. Anterior
displacement of L2 is even more pronounce@AL4-MS1096+; UAS-knt+; ril/ril

wings, which express higher levelskaii than those produced in the UABEFline (data

not shown). (F) High magnification views of the relative position of the L2 vein in the
wild-type wing shown in A (top) relative to the anteriorly displaced L2 vein in the UAS-
kni®PriY/ril wing shown in E (bottom). (G) keixpression in a wild-type mid-third instar
larval disc. The stripe of keixpression slightly precedes and then coincides witthb2
expression (see legend to Fig. 4A). Prolonged staining reveals, in addition, weaker stripes
of kni andknrl expression in the approximate position of the L5 primordium and low
levels of ubiquitous expression throughout the wing pouch (data not shown). This low
level staining is unlikely to be background as it is largely confined to the wing pouch, is
observed reproducibly, and is not observed with various other probes made and used in
parallel. (H) knrlexpression in a wild-type mid-third instar larval disc ki) expression

in an rit/ri1 mid-third instar larval disc. Although L2 expression is completely absent, kni
expression outside of the wing pouch is normal (arrow).

ri kni
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Fig. 2. rimaps upstream of the kaindknrl 77E1

transcription units. The upper line in the

diagram indicates the positions of key deletiof 3t telomere centromere —>-
breakpoints eliminating function relative to 50K 10 ol7 10 20 30 40 50 60

the kniandknrl transcription units. The o v {_JJ YV R Y —Y I
positions of relevant breakpoints were knrl * kni !

determined by Southern blot analysis using Il

genomic fragments from the kni/knrl locus Df(3L) kni[FC82] ! |

upstream region as probes. Thald 5 limits lF: .

of the rifunction lie between the o GLTXT2] )
corresponding breakpoints BF(3L)riXT2. The :

5 breakpoint oDf(3L)iX"2 lies just ? <€ (3L X710
downstream of the Breakpoint of the

deletion associated with the(3L)riXT101 Since ri/Df(3L)riXT2 and rit/In(3L)riXT101 have a strong phenotype it is likely that the ri

phenotype oDf(3L)riXT2is caused by the deletion mapped here and not by some second site molecular lesion. There may be an element
required for rifunction in the small region of overlap between Df(3LHk andDf(3L)riXT2, since trans-heterozygotes have a strong
phenotype. In addition, putative regulatory DNA, including thertel of thekni transcription unit and extending over 5 kb beyond it, which
includes the region of potential overlap betwB&BL)knFC82and Df(3L)riT2, is not sufficient to drive expression of a lagporter gene in

the L2 primordium or to rescue thigphenotype when driving expression dfra transgene (data not shown). The exact distance between the
kni and knrlgenes and the relative orientations of these two genes is not known. Also, tienlseriipt, which comprises 23 kb of genomic
DNA (Rothe et al., 1992), is not drawn to scale with respect to the right portion of the figure.

Y = EcoRl site

EcoR1 fragment, which lies only 2.5 kb upstream ofkhie  which lack rhoexpression in vein primordia (Sturtevant et al.,
transcription unit, and the Breakpoint lies 45-50 kb further 1993) and have reduced levels of the EGF-R ligand encoded
upstream. Another deletion, Df(3L)kAP2 (Nauber et al., by the vngene (Schnepp et al., 1996), are devoid of veins.
1988), which removes both tkai andknrl transcription units, Rescue ofri mutants by a ubiquitously expressed kni
has its 5 breakpoint within the same 1.7 IHroRI fragment transgene (Fig. 1E) also suggests thkai controls rho
as Df(3L)riXT2 and overlapDf(3L)riXT2 by less than 1.0 kb. expression, aho expression in the L2 primordium is restored,
Since flies trans-heterozygous for tHRf(3L)riXT2 and albeit at reduced levels, in UASWEPri wing discs (Fig. 3C).
Df(3L)knFC82 deletions have a strong phenotype, and In addition, low-level ubiquitou&ni expression preferentially
becauseDf(3L)riXT2/Df(3L)knFC82 trans-heterozygous larval induces vein formation in the vicinity of L2 in a wild-type
wing discs lack expression of the kni and knrl genes in the LBackground. Thus, heat induction of krs-flies during the
stripe (B. Biehs, unpublished observations), the 1.E¢&bRI  third larval instar broadens and intensifies expression in the
fragment may contain sequences necessairy fonction. The L2 primordium (Fig. 3D, bracket), while heat induction during
1.7 kbEcoRI fragment does not contain any transcription uniearly pupal stages generates an ectopic vein running parallel
active in wing imaginal discs (B. Biehs, unpublishedand just anterior to L2 (Fig. 3E, arrow). Stronger mis-
observations), suggesting that anjunction provided by this expression of knor knrl during early pupal stages, however,
fragment must be regulatory in nature. It also is possible thawerrides factors constraining the respondatado cells in the
the extensive deletions and relatively small overlap between the region. For example, mis-expression kafi using the
Df(3L)riXT2 and Df(3L)knfC82 disrupt transvection between GAL4/UAS system (Brand and Perrimon, 1993) on the dorsal
these two chromosomes in trans-heterozygotes, thusirface of GAL4-MS1096; UAS-kni pupal wings results in
preventing wild-typeri regulatory sequences present on thewidespread ectopic expression of the vein mantke(Fig. 3F)
Df(3L)knF82chromosome from activating expression of theon the dorsal wing surface, but not on the control ventral
intact kni and knrl genes present on th®f(3L)riXT2  surface (Fig. 3F, inset). Similarly, the vein marker Delta is
chromosome. Both scenarios, however, support the conclusidmoadly mis-expressed on the dorsal but not the ventral surface
thatri is a cis-acting regulatory mutation of the kni/dodus.  of GAL4-MS1096; UAS-kni pupal wings, and expression of the
) S intervein marker Bs is eliminated from corresponding regions
The kni/knrl locus acts upstream of  rho in initiating of the pupal wing (data not shown). This altered pattern of gene
L2 vein development expression in GAL4-MS1096; UAS-kmipal wings leads to
ri function is required to initiate expression of the vein-the production of solid vein material on the dorsal surface of
promoting gene rhan the L2 primordium, but is not essential adult wings (Fig. 3G).
for rho expression in other vein stripes (Sturtevant et al., 1995) ) )
(Fig. 3, compare B with A). As would be expected if thekni and knrl function downstream of  salm in
kni/knrl locus acted upstream of rho, initiation d¢fi  defining the position of the L2 primordium
expression in the L2 primordium precedes thahof(data not We have shown previously that tealm transcription factor
shown).Another early marker for the L2 vein primordium is functions upstream of rhim the L2 primordium and that rho
down-regulation of the key intervein gerdistered (bs) expression in L2 is induced at the boundary between salm
(Montagne et al., 1996). Im mutants, down-regulation of Bs expressing cells and salmon-expressing cells (Sturtevant et
in L2 is not observed (data not shown). Consistent with thal., 1997). The L2 vein primordium abuts saxpressing cells
kni/knrl locus functioning upstream ofho and EGF-R but is comprised largely ofsalm non-expressing cells
signaling, kni and knrl are expressed normally io'e vnt (Sturtevant et al., 1997). Like rhexpression okni in the L2
double mutant wing discs (data not showhpvevn mutants, primordium abuts the anterior edge of the brosalm
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expression domain in wild-type third instar wing discs (Fig.intervein markers are expressed normally in the L5
4A,B, top panel), and is displaced along with the anterioprimordium, which lies outside of th@AL4-71Bexpression
border ofsalm expression in hedgehog Moon(iatM™) wing  domain (data not shown). These data reveal that edtnpir
discs (Fig. 4B, bottom panel). M wing discs, the anterior knrl expression does not simply favor vein over intervein cell
limit of the salmexpression domain on the ventral surface idates. As strong uniforrkni or knrl mis-expression is required
frequently shifted forward relative to the border on the dorse’

surface (Sturtevant et al., 1997). Associated with the

asymmetry in sal-lacZexpression, the dorsal and ventral A M ?l B . ' C . ""':‘
components of thkeni L2 stripe are driven out of register (Fig. N 2 Y \ .
4B, bottom panel). The coordinate shift sélm and kni Vi : oy A » 1\
expression is consistent wisalmfunctioning upstream dfni. L B - bt'#
In addition, strong ectopic expressionsafm or salr using the et =15 Ry
GAL4/UAS system (Brand and Perrimon, 1993) eliminatés + 4 .
andknrl (Fig. 4C) expression, and leads to the production o 5 :

small wings lacking the L2 and L5 veins (Fig. 4D; see also d ] -

Celis et al., 1996). The loss kifi andknrl expression in discs WT rho ri rho UAS-kni[EP] ri rho
mis-expressingalmor salr and the subsequent elimination of

L2 presumably result from obscuring the sharp boundary c D - o
endogenoussalm and salr expression. Clonal analysis also E T,
indicates thatsalm acts upstream okni/knrl. salnT clones ) & ] —

generated in the anterior compartment between L2 and L &

induce ectopic forks of the L2 vein, which lie along the inside T -

edge of the salmclones (Sturtevant et al., 1997) (Fig. 4E). In ,

contrastsalnt clones produced in corresponding positions of “;,&.‘

ri mutant wings never induce L2 forks (Fig. 4F). Other

phenotypes associated with saleiones, however, such as ’ hs-kni

ectopic islands of triple row bristles at the margin (Fig. 4G) hs-kni rho

are observed with regularity in anbackground (Fig. 4H). F G -

Strong ubiquitous expression of  kni or knrl _Jr'-_.‘ ”, 7T "'-“*-‘-_;‘_{,M
eliminates distinctions between vein and intervein o e 2 AR AN Yok s
primordia o " i DA A i e
The genetic evidence and expression data described abc . 2 ,9' .

suggest that localized expressiorknfand knrlis required to =" —

define the position of the L2 primordium. To determine the GAL4-1096; UAS-kni rho  GALA4-1096; UAS-kni

importance of restrictingni expression .to the L2.primordium, Fig. 3.kni/knrl function upstream aho in establishing the L2
we used the GAL4/UAS system to mis-exprissor knrlat primordium. (A)rho expression in a wild-type mid-third instar wing

high levels in various patterns. TRAL4-MS109@ine drives  gisc. The L1-L5 vein primordia are labeled 1-5 and the future wing

expression ofUAStarget genes ubiquitously throughout the margin is denoted by M. (Bho expression in ari Yri® mid-third

dorsal surface of third instar wing discs (Fig. 5A), and weaklynstar disc is never initiated in the L2 primordium (arrow). @)

on the ventral surface in the anterior region of the disc (Figexpression in a UARnIEP ril/ril third instar disc is partially restored
5A, arrow). GAL4-MS1096riven expression of either the inthe L2 primordium (arrow). (Djho expression in a hieai third
UASkni or UASknrl transgenes eliminates expression of VeininStar disc, which was heat-shocked 3 times at 37°C for 1 hour with
markers such asho (Fig. 5E, compare with Fig. 3A), the intervening periods of 45 minutes rest at room temperature betvveen
provein/proneural geneaupolican (caup) (Fig. 5F,B), the each heat shock treatmerito expression in the L2 stripe (bracket) is

lateral inhibitory gene DeltéDI) (Fig. 5, compare G with C), broader and stronger than in wild-type discs. (E) Arisving heat

shocked as in Fig. 1D during early pupal stages. An ectopic vein runs
and the proneural gene achagdata not shown) on the dorsal -l and anterior to L2 (arrow). (Fo is expressed in large

surface of the wing disc. In contrast, these vein markers a{gsqges occupying most of the dorsal surface of an €dlys-
expressed in normal patterns on the ventral surface, albeit 51096+; UAS-kni+ pupal wing. TheSAL4-MS1096ine expresses
reduced levels, presumably reflecting the weak expression GfAL4 only in the dorsal compartment during early pupal stages (data
GAL4 in ventral cells of GAL4-MS1096discs. In addition, not shown). Insetho is expressed in a normal pattern of vein stripes
modulated expression bfistered(bs), which is lower in vein on the ventral surface ofGAL4-MS1096; UAS-kni+ early pupal

than intervein cells of wild-type discs (Montagne et al., 1996)Wing. (G) AGAL4-MS1096+; UAS-kni+ wing. The dorsal surface

also disappears on the dorsal surfac&at.4-MS1096wing appears to be one large amorphous expanse of vein tissue with

discs (Fig. 5, compare H with D). Thus, strong expression dTCeb BEEe Lo 0 e imately
kni or k_nrl on the d(_)rsal syrface .Of wing dISC.S _ellmlnatesthe correct locations. Because vein cells are more densely packed than
expression of both vein _and |nterv_e|n markers. Slmllarly_, Wherihtervein cells, the wing assumes an upward curving cup shape.
GAL4-71Bis used to drive UAEni or UAS-knrl expression G| 4-MS1096UAS-kniandGAL4-MS1096UAS-knriflies also lack

in a central domain slightly broader than that szim macrochaete on the thorax with high penetrance and frequently have
distinctions between vein and intervein cells are eliminateévisted femurs in the T3 segment. v, ventral surface of wing; d, dorsal

within the region ofGAL4 expression. In these discs, vein andsurface of wing; M, the wing margin.
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Fig. 4. kniandknrl function downstream afalmand upstream aho. ;
(A) kni mRNA expression (blue) abuts the anterior edge of high-level A

sal-lacZexpression (brown-{§alactosidase) in a wild-type third larval . q
instar wing disc. During the early stages of é&xpression, low levels o R
of sal-lacZare observed in kmxpressing cells. However, at later 2_ '
stages, there is little detectable overlap betweeardsal-lacZ ,
expression patterns, consistent with the observatiorkiihaan R
suppressalmexpression (see Fig. 6B). Also expression in the L2

primordium similarly abuts the L2 boundary (Sturtevant et al., 1997), :

and because double labeling wkthi and rhodigoxigenin-labeled WT kni + sal-lacZ
probes reveals only a single stripe (data not shown), we infer that the c =

kni stripe corresponds to the L2 primordium. (B) Upper panel: high

magnification view of the L2 region of the wild-typal-lacZdisc

shown in A. Lower panel: high magnification view of staggered kni

’ e . P
b S B

expression at the edge of the distodatexpression domain in a sal- f! Yy g !

lacZ; hi third instar wing disc. Asterisks denote the intersection of > W

the dorsal and ventral components of thellinstripes with the e

margin. (C)knrl expression in &AL4-MS1096UAS-salrwing disc. GAL4-1096; UAS-salr knrf GAL4-1096; UAS-salr

knrl expression in this disc is lost in L2 within the wing pouch, but is U e ity

normal outside of the wing pouch (arrow). In other discs, expression is"E : S T F L s,
severely reduced or restricted to small spots (in some such discs, the G ] S R

dorsal component ddni or knrl expression is more severely affected . 5 i

than the ventral component, consistent with there being higher levels of i O : -

GAL4 expression on the dorsal surfaces#fL4-MS1096@liscs thanon oo 7 7 — e

the ventral surface), and in a minority of dikasor knrl expression By :

appears nearly normal. Similar, but more penetrant, eliminatikni of , sal- in WT

andknrl expression was obtained using GaL4-71Bline, which )

drives gene expression in a broad central domain slightly wider than ‘a’”@%
that ofspalt. (D) An adult GAL4-MS1096/AS-salrfemale wing. Note < =
the loss of the L2 and L5 veins. In the great majoritAf.4- <
MS1096 UAS-salrwings, the L2 vein is either entirely missing or only
small islands of residual L2 vein material are observed. In a few =
percent of the cases, longer segments of L2 are present, but a complete” - ¥ 7=
L2 vein never forms. Males of the same genotype have more severely -~~~ " N =
affected smaller wings than females, presumably due to dosage T S b

compensation of the X-chromosome carrying the GAL4-MS1096 sal- inW sal- inri

element. GAL4-MS109&JAS-salrand GAL4-MS1098JAS-salnflies also have missing macrochaete on the thorax with high penetrance, and
twisted femurs in the T3 segment are frequently observedlr-MS1096UAS-salnflies. Interestingly, these same phenotypes are also
observed ilGAL4-MS1096UAS-kniand GAL4-MS1098JAS-knrlflies. (E) A wing containing a homozygods salmt? clone (outlined in red

and marked —) between L2 and L3 has an ectopic L2 fork running within and along the clone boundary (Sturtevant etsalml99F)+/+

cells are indicated by +. (F) A wing containing a compareklgalm” clone in arri/ril background between L2 and L3 is not bounded by an
ectopic vein. 20 similar ck salth marked clones were examined in detail and none were bordered by ectopic veins. It is likely thatkll such
salm'A clones would induce L2 forks in a wild-type background (Sturtevant et al., 1997). In addition, we estimated the total rakmber of
salm'A clones generated in our collection of scored wings that would have contained L2 forks had they been produced in a wild-type
background, by counting the number of wings hadkmarked clones associated with L5 forks (L5 forks are often induced at a distance by
salnT clones in the posterior compartment; Sturtevant et al., 18R8aln¥» marked clones, generated in parallel in a wild-type background,
generated L2 and L5 forks in a ratio of approximately 5:1 (i.e. 47 L2 forks: 10 L5 forks). We observed 20 L5 forks assocakaaiwith

clones in our collection afk salmi?; ril mosaic wings. If these phenotypes are generated at approximately equal frequencies in wild-type
versusil/ril backgrounds, then we are likely to have generatecctk3alni” clones, which would have induced L2 branches had they been
produced in a wild-type rather than inra#ri background. (G) A wing containing a homozygekssalm” clone (outlined in red) which
intersects the wing margin. Note the island of ectopic triple row bristles (lower overline, asterisk), which typically form at the junction of L2
with the margin (upper overline, asterisk). (H) A wing containing a comparable dk*selne reaching the wing margin in éf/ril

background. Again, note the island of ectopic triple row bristles (lower overline, asterisk).

+
1!

to eliminate veins, higher levels dnitknrl activity are eliminating strongho expression inthe L2, L3 and L4 primordia,
necessary to inhibit vein formation than are required to induca very low but reproducible level dfio expression is induced
expression of rhan or near the L2 primordium. within the domain ofGAL4-71Bexpression (data not shown).
In contrast to the dramatic effects of ectdpicexpression on The low generalized expressionrbb in the absence of strong
vein and intervein markers, expression of genes sugtt 85g.  vein stripes irGAL4-71B UAS-knidiscs suggests thiati has an
51), dpp (data not shown) and HFig. 5J) along the previously intrinsic tendency to activatdo expression, which is largely
formed A/P compartment boundary is unperturbed by strongverridden by the potent lateral inhibitory mechanism induced by
uniform kni mis-expression. These data indicate kimaandknrl strong kni expression. We speculate that the redsanmis-
do not function as global repressors of gene expression in tle&pression induces strong expressiorhofin pupal wings (Fig.
wing primordium. Consistent with this view, when mis- 3F), but eliminatesho expression in veins in third larval instar
expressingkni using the GAL4-71B driver, in addition to wing discs (Fig. 5E), is that the lateral inhibitory mechanism
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operating during larval stages to define sharp boundaries RISCUSSION
inactive later during pupal development when boundaries have | , . i )
been firmly resolved. The ability of uniforrkni or knrl  kni/knrl define the position of the L2 primordium
expression to erase distinctions between vein and intervein cef@ther than promote a vein fate  per se
during larval stages suggests that these genes must be expre$3ai@ presented in this study suggest thaktti@ndknrl genes
in a narrow linear array of cells in order to perform their normatiefine a linear position at the anterior edge of the egfiression
function in organizing gene expression along the L2 primordiunlomain. We propose that juxtapositionsalm expressing and
salmnon-expressing cells induces expression ofakidiknrl in
a narrow stripe of cells within the domain of salom-expressing
negative feedback loops cells.kni andknrl then organize L2 vein development in a precise
In addition to activatingho expression, knand knrlalso are linear position. Our analysis suggests thaktiiéocus acts at the
likely to positively autoregulate. Patterned mis-expression dfst stage of defining positional information rather than at the first
kni using the GAL4/UAS system (Brand and Perrimon, 1993ptage of directing vein tissue differentiation. This conclusion
induces corresponding expression of kinel gene (Fig. 5K) derives in part from analysis of discs ubiquitously mis-expressing
and vice versa (data not shown).kkéand knrlappear to share kniorknrl at high levels. The key difference betweenkthieand
cis-regulatory elements in third instar larval wing discs (thisknrl genes and other previously identified vein-promoting genes
study) and during other stages of development (Oro et alsuch as rh@r genes of theaup/araucangra) locus is that both
1988: Nauber et al., 1988: Rothe et al., 1992; Gonzélez-Gaitdess of function and ubiquitous expressionkaf/knrl lead to
et al., 1994), the reciprocal cross-regulation observed betweetimination of veins. In contrast, ubiquitous expression of vein-
kni andknrl is likely to reflect an autoregulatory function of promoting genes such also or arainduces the formation of
these geneskni function

CR

kni and knrl refine the position of L2 via positive and

does not appear to

necessary for activating ki
expression in the L
primordium, however, sinc
elimination of knifunction
in large knt clones coverin
both the dorsal and vent

components of L2 does r ; . 5
lead to any loss of the |  GAL4-1096; UAS-laczZ W Di
vein (Fig. 1D). fAgal + rho

Another consequence
high level ectopic kni E / G .

-
expression is strong dow !
regulation of salnexpressiol “j !

(Fig. 5L). Sincekni andknrl

are normally express \
immediately adjacent to tl

anterior salm border (Fig -

4A), Suppression of sal GAL4-1096; UAS-kni rho
expression by kni may |

sharpen the anteriosalm
border and refine the positi
of the L2 primordium. I
support of this possibility, w
observed a  consiste
anterior  displacement
rescued L2 veins in UA!
kniEPri wings relative to wile
type (Fig. 1E,F). Similarh
rho expression in the L
primordium is  shifte
anteriorly in UAS-KrfP ri
wing discs (Fig. 3, compa
C with A). This anteric
displacement of the L
primordium may reflect
failure to down-regulatsalm

GAL4-1096; UAS-knrl caup GAL4-1096; UAS-kni DI GAL4-1096; UAS-knrl Bs

N

-

GAL4-1096; UAS-kni ptc GAL4-1096; UAS-kni hh

GAL4-71B; UAS-kni knr

GAL4-1096; UAS-kni sal

Fig. 5. kni/knrlorganize gene expression in the vicinity of the L2 primordium. All panels show gene
expression in mid-third instar wing imaginal discs. (ABAL4-MS1096; UAS-laciisc double-stained for

rho RNA expression (blue) and antigl protein (brown). Strong-@al staining is restricted to the dorsal
surface and weak expression is observed on the ventral surface (arrow). (B) Wild-type expression of caup
MRNA in broad provein stripes corresponding to the odd-numbered veins (labeled 1, 3, 5) (Gomez-
Skarmeta et al., 1996). C) Wild-type expression of DI protein, detected with an anti-DI antibody, in the L1,
L3, L4 and L5 vein primordia (Kooh et al., 1993). (D) Wild-type expression of Bs protein, detected with an
anti-Bs antibody (Montagne et al., 1996), is strong in intervein cells and weak in vein primordia. (E) rho
MRNA expression in &AL4-MS1096; UAS-kniing disc. (F) caupnRNA expression in &AL4-MS1096
UAS-kniwing disc. (G) DI protein expression irGAL4-MS1096UAS-kniwing disc. (H) Bs protein

expression at its anter
border in late third instari
wing discs.

expression in a GAL4-MS1098AS-kniwing disc. (I) ptanRNA expression in a GAL4-MS1Q98AS-kni
wing disc. (J) hhmRNA expression in &AL4-MS1096UAS-kni wing disc.(K) knrl mRNA expression in
aGAL4-71B; UAS-kniving disc. (L) salnmRNA expression in &AL4-MS1096; UAS-kniing disc.
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Fig. 6. Model for howkni/knrl organizes formation of 2 : E83 2
the L2 primordium and similarities with other A. kni DEfII’IES the Position Of the L2 Vein

mechanisms for generating linear patterns of gene

expression. (A) Left: diagram to illustrate how the . o i 5
juxtaposition of anterior and posterior compartment Sal Defines Position kni Organizes

cells leads to the production of the long-range Dpp of kni L2 Stripe the L2 Primordium

signal in a narrow strip of anterior compartment cells
running along the A/P border in the middle of the

wing primordium. Dpp diffuses and functions as a
morphogen to induce expressiorsafm(Sal) in a

broad central domain (Nellen et al., 1996; Lecuit et

al., 1996; Lawrence and Struhl, 1996; Singer et al.,

1997). We propose that a short-range signal X

induces expression of kkiirl along the anterior ———
border of thesalmexpression domain. No vein is P
induced along the posterior limit of tekalm

expression domain, which falls between L4 and L5 in
Drosophila(Sturtevant et al., 1997), although a vein

does form in this position in primitive insects and in
Drosophilamutants which have ectopic veins (Biehs

et al., 1998). Right: the four functions thkat and

knrl provide in the L2 primordium: (1) to promote
expression of genes required for vein development . " :
(.. 1ho) i collaboration with another actvty | B. Drawing Lines During Development
(dotted arrow), which is restricted to the vicinity of
the anterior salnfSal) boundary, (2) to suppress vein
development in neighboring cells, (3) to promote
their own and each other’s expression via a positive
auto-regulatory loop, and (4) to sharpen the anterior
salmboundary through a negative feedback
mechanism. Since we propose thatdad knrl

function at the last stage of defining positional
information rather than acting as ‘master’ vein
promoting genes, we speculate that there might be al
unknown vein ‘master’ gene promoting the vein fates
in the L2 position. Such an L2 ‘master’ gene would
presumably activate vein effector genes suahas

by analogy to the action chupand arain

promoting formation of the odd number veins.
Alternatively, kniandknrl may function directly to activate expression of rho. (B) Models for the genetic control of gene expression in linear
patterns. Left: to induc#ppexpression in a central stripe 6-8 cells wide abutting the A/P compartment boundary, En activates expression of the
short-range signal Hh, while suppressing the response to Hh by suppdegsirgression. Middle: to indudeni andknrl expression in the 2- to

3-cell wide L2 primordium abutting the anterior bordesalimexpression, Salm (Sal) activates expression of a hypothetical very short-range
signal X, while suppressing the response to X by supprdasiagd knrlexpression. Right: to induce serpression in a single row of

presumptive mesectodermal cells abutting the smxpitessing mesoderm, we propose that Snail activates the membrane-bound signal DI (DI*),
while suppressing the response to DI/Notch signaling by directly repregsiagpression.

+4 7 kni (L2) Intervein
Sal —» X —» kni Vein Fate

dp sal — kni T—l;" rha Vein
SRR 1 S A
Vein Fate

Sal’

Intervein

En ->dpp Sal ->kni Sna->sim

D

kni

Sal—» L:m
[

A A
| P sim)

Snail-»"DI* 7= sim
LS

Vv

Wing Disc Wing Disc Embryo

ectopic veins (Sturtevant et al., 1993; Noll et al., 1994; Gomezxpression of knand knrlin adjacent salrmon-expressing
Skarmeta et al., 1996). In additiokni and knrl appear to cells. Since Kni and Knrl are members of the steroid hormone
feedback on the patterning process itself by maintaining their onnreceptor superfamily, it is possible that the signal X could be
expression and by suppressisglm expression in the L2 a lipid-soluble factor, which binds and activates Kni and Knrl.
primordium. These data suggest that/knrl orchestrate gene Given the minimal sequence conservation between Kni and
expression in a precise linear position by promoting veirknrl in the putative ligand binding regions of these proteins
development in cells where they are expressed and [Rothe et al.,, 1989), however, this direct form of signaling
suppressing vein development in adjacent intervein cells. seems unlikely. Once activated, kaind knrl organize

A/P patterning culminates in expression of kni and formation of the L2 primordium.

knrl in the L2 primordium kni and knrl link A/P patterning to vein development

As summarized previously, it is possible to trace formation ofn the L2 primordium

the L2 vein back to early A/P patterning in the embryoWe propose that krand knrlorganize development of the L2
(Sturtevant et al., 1997). This chain of events leads to activatiarein primordium through a variety of concerted actions (Fig 6A,
of the kniand knrlgenes in narrow stripes at the anterior edgdeft). A key target gene activated ki and knrlin the L2

of the salm expression domain (Fig. 6A, right), thus linking primordium is the vein-promoting gemkeo, which potentiates
positional information to morphogenesis. We proposestidat  signaling through the EGF-R/RAS pathway (Sturtevant et al.,
activates expression of a short-range signal X, which inducel993; Noll et al., 1994; Sturtevant and Bier, 1995). Because low
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levels of ubiquitouskni and knrl expression preferentially are competent to respond to it. This set of constraints restricts
promote vein development near the location of L2, anothahe expression of target genes to narrow stripes or sharp lines.
activity provided at the anterior boundary of sadmexpression An exquisite example of linear gene activation is the
domain is likely to act in parallel with the kamdknrl genes to initiation of simexpression in a single row of mesectodermal
define the position of the L2 primordium. This parallel geneticells abutting thenail expression domain in the mesoderm of
function may be supplied by the signal X, hypothesized tdlastoderm embryos (Fig. 6B, right; Thomas et al.,, 1988;
inducekni andknrl expression in salm non-expressing cells. Crews et al., 1988). Direct mechanisms contribute to activating
kni andknrl are also likely to suppress vein development insimin this precise pattern as snegpressesimexpression in
neighboring intervein cells since strong uniform mis-expressiomentral cells (Nambu et al., 1990; Kosman et al., 1991; Leptin,
of kni or knrl eliminates veins. This result could be explained if1991; Rao et al., 1990) and Dorsal and Twist collaborate to
kni and knrl normally activate expression of a signal thatdefine a relatively sharp threshold for activatsim which
suppresses vein development in neighboring intervein cellextends a short distance beyond shail border (Kasai et al.,
Such a lateral inhibitory function presumably restricts formatior1 992; Kasai et al., 1998). However, these direct transcriptional
of the L2 primordium to a narrow linear array of cells. Tomechanisms alone do not seem sufficient to explain the
account for the fact th&ni and knrldo not turn themselves off absolutely faithful linear path cimexpression in a single row
in L2 as a consequence of the proposed lateral inhibitorgf cells along the irregular contour afail expressing
signaling, we imagine that these cells are refractory to the latenalesodermal cells. Perhaps communication betwsesil
inhibitory mechanism. Alternatively, the hypothetical signal X,expressing cells and their immediate dorsal neighbors plays a
which promotekni and knrlexpression in cells adjacent to the role in achieving the invariant registration of Simand snalil
salmexpression domain (Fig. 6A), might continue to exert arexpression patterns. In support of a role for cell-cell
inductive influence that overrides lateral inhibitory signaling incommunication in this process, initiation $ifn expression in
the L2 primordium. This possibility is consistent with low levelsthe blastoderm embryo requires signaling through the
of ubiquitouskni expression rescuingho expression in the Notch/Delta/E(spl) pathway (Menne et al., 1994; S. Crews,
vicinity of the normal L2 primordium imi mutants. Although personal communication). Furthermore, in the mesoderm,
the nature of the proposed lateral inhibitory mechanism igbiquitously supplied maternal Delta protein is rapidly
unknown, the Notch signaling pathway is an obvious candidategtrieved from the surface in the form of multi-vesicular bodies
since loss oNotchfunction during late larval stages results in (Kooh et al., 1993), which is typical of ligands involved in
the formation of much broadenedho expressing stripes active signaling. Thus, Snail may regulate expression of some
(Sturtevant and Bier, 1995). Since Delta is unlikely to be theo-factor required for membrane bound Delta to productively
ligand mediating lateral inhibition, due to its absence in the L2ctivate the Notch signaling pathway in adjacent cells, which
primordium, another Notch ligand might be activated inare free to respond by activating sim expression.
response ttni and knrlto suppress the vein fate in neighboring It is noteworthy that in each of three cases considered above,
cells. Itis also possible that a different type of signaling pathwagroducts of entirely distinct domain-defining genes (e.g. En,
is involved in this process. Salm and Sna) induce the linear expression of genes in adjacent
Finally, kni andknrl are likely to maintain and sharpen the cells by activating production of short-range signals (e.g. Hh,
anteriorsalmborder through a combination of autoactivationX, DI) while suppressing response to those signals (Fig. 6B).
and negative feedback salmexpression. Kni and Knrl may The width of the target gene stripes presumably depends on the
represssalm expression directly or could function indirectly range of the signal and on the level of signal required to activate
through an intermediate tier of regulation. The ability ofexpression of specific genes. Thus, Hh activates expression of
ectopickni or knrl expression to suppress expressiosam  the targets genelpp in a domain 6-8 cells wide, the
as well as vein markers, but not to suppress expression of gerggothetical factor X acts more locally to induce expression of
involved in defining the A/P organizing center (hl, dppand  kni and knrl in a stripe 2-3 cells wide, and the putative
ptc), is consistent witkni and knrlfunctioning at the last step ‘activated’ form of membrane tethered Delta indusas
in defining positional information required for placement of theexpression in a single row of abutting mesectodermal cells.
L2 primordium. It will be interesting to determine whether Perhaps this ‘for export only’ signaling mechanism is a general
there are genes functioning analogoushkno andknrl, that  scheme for drawing lines in developing fields of cells.
specify the positions of other longitudinal veins along the A/P

axis of wing imaginal discs. We thank Doug Ruden for communicating unpublished results, Dan
Ang and Keleni Tukia for assistance in germline transformation,

A common strategy for drawing lines in developing Annabel Guichard for valuable experimental suggestions and other
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