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The Dipteran flight appendages, the wings and halteres, develop from larval imaginal discs that also produce 
other sections of the second and third thoracic adult body segments. Loss of vestigial (vg) function in 
Drosophila selectively eliminates wing and haltere formation. Here, we show that vg expression is spatially 
restricted to the presumptive wing and haltere regions of these imaginal discs. An intronic regulatory element 
mediates this restriction and may elaborate upon cues that activate vg expression in the embryonic disc 
primordia. The nuclear vg protein lacks any recognized nucleic acid-binding motif but is comprised of two 
putative functional domains, one of which bears similarity to part of the Deformed homeotic protein and may 
mediate protein-protein interactions. These results suggest that vg is directly involved in determining which 
thoracic imaginal disc cells will form wings and halteres, perhaps by interacting with other nuclear regulatory 
proteins. 
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Embryonic pattern formation in Drosophila has been the 
subject of extensive study, which has led to the identi- 
fication of many key genes involved in establishing the 
larval body plan (for review, see Akam 1987; Ingham 
1988; Scott and Carroll 1989). However, relatively little 
is known about the genes and processes that regulate the 
development of the adult fly. Cephalic and thoracic adult 
Drosophila structures are formed from segmentally re- 
stricted infoldings of the larval epidermis, called imagi- 
nal discs. Fate map analysis has shown that these cells 
are set aside from presumptive larval cells shortly after 
the blastoderm stage of embryonic development (Wie- 
schaus and Gehring 1976a, b). Clonal analysis indicates 
that these cells proliferate until mid-embryogenesis 
(~12 hr of development; Madhaven and Schneiderman 
1977), and by the end of embryogenesis they are visible 
as pouches of cells (20-70 cells each) associated with or 
invaginated from the larval epidermis (Madhaven and 
Schneiderman 1977). Proliferation resumes during the 
first larval instar (Madhaven and Schneiderman 1977), 
and by late larval development each disc contains several 
thousand cells (53,000 cells in the wing disc; Whittle 
1990). During metamorphosis, these pouches evaginate 
to form the adult cuticle (i.e., the epidermal structures of 
the head and thorax, and all adult appendages). 

The two sets of Dipteran flight appendages, the wings 
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and halteres, develop from the wing and haltere imaginal 
discs, respectively. However, these discs are also respon- 
sible for the formation of a variety of other adult cutic- 
ular structures. The wing disc forms virtually all of the 
cuticular structures of the adult thoracic cuticle (i.e., the 
notum), whereas the haltere disc forms parts of the tho- 
racic postnotum cuticle. The intricate pattern of bristles 
on the adult thoracic cuticle and analysis of mutants 
that alter this pattern imply that complex positional in- 
formation exists in these discs. This is reflected by the 
fact that a variety of enhancer trap lines show complex 
spatially restricted patterns of expression in imaginal 
discs {for review, see Whittle 1990; Wilkins and Gubb 
1991). Mosaic analysis has shown that much of this po- 
sitional information is established during larval develop- 
ment (Garcia-Bellido 1975) and relies largely on cell--cell 
interactions {Bryant et al. 1981; Whittle 1990; Wilkins 
and Gubb 1991). 

The analysis of genes required for specific aspects of 
pattern formation within these discs should allow a dis- 
section of the mechanisms by which pattem is estab- 
lished in these discs. The vestigial [vg) gene is a good 
candidate gene for this type of analysis. The vg product is 
required in a variety of tissues during morphogenesis and 
is also required during late larval development (the third- 
larval instar) primarily for formation of specific regions 
of the wing and haltere imaginal discs (Stanley 1931; 
Fristrom 1969; Bownes and Roberts 1981). vg mutants 
undergo extensive cell death in the presumptive wing 
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region of third-larval instar imaginal wing discs {Fns- 
trom 1969; Bownes and Roberts 1981}, which results in 
the observed complete elimination of wing structures in 
homozygous vg adults. Cell death is a consequence of a 
cell-autonomous inability of vg discs to differentiate the 
presumptive wing region of the larval wing disc {Bownes 
and Roberts 1981). Presumably, a similar defect occurs in 
the haltere disc, because haltere derivatives of this disc 
are specifically deleted in vg mutants. Thus, analysis of 
vg function and regulation may provide clues to help 
understand aspects of both wing and haltere develop- 
ment as well as pattern formation in imaginal discs. 

Here, we report a detailed study of the vg locus, the 
presentation of which is organized into two parts. The 
first describes the regulation and expression of the vg 
gene, and the second part investigates the structure and 
function of the vg product, vg is expressed in the embry- 
onic wing and haltere imaginal disc precursors, from the 
extended germ-band stage through hatching. In late lar- 
vae, vg is expressed in a spatially restricted pattern iden- 
tifying the subregions of these discs that will form wings 
and halteres (and require vg function}. An intronic regu- 
latory element required for this larval wing region ex- 
pression is characterized and shown to be interspecifi- 
cally conserved. We demonstrate that the vg protein is 
localized to the nuclei of cells fated to form wing and 
haltere derivatives. We have determined the primary se- 
quence of the vg protein, which appears to be modular in 
structure, containing at least two putative functional do- 
mains. One of these domains contains two paired repeats 
and homology to a region of the Deformed homeotic 
protein. This domain may mediate protein-protein in- 
teractions with other nuclear regulatory proteins in- 
volved in wing and haltere specification. 

Results 

The phenotype of an adult null vg allele is shown in 
Figure lb. Wing and haltere structures are eliminated 
completely, owing to extensive cell death in these re- 
gions of the larval imaginal discs. The fly also shows a 
number of other defects (e.g., erect postscuttellar bristles 
and reduced size), owing to a requirement for vg function 
during morphogenesis (Williams and Bell 1988). The reg- 
ulatory mutant vg 83bez exhibits the same loss of wing 
and haltere functions (Fig. lc) but none of these other 
pleiotropic effects {see below). 

The vg locus has been cloned IWilliams and Bell 19881, 
and a single 3.8-kb vg transcript has been identified. The 
isolation of several vg cDNAs and the generation of a 
crude exon map based on restriction endonuclease and 
Southern blot hybridization analyses have been reported 
(Williams et al. 1990a), and these data are summarized in 
Figure ld. 

The vg transcript is expressed in the embryonic 
and larval wing and haltere imaginal discs 

We have determined the expression pattern of vg mRNA 
in wholemount embryos and imaginal discs utilizing 

digoxygenin-labeled cDNA probes (see Materials and 
methods). Extensive proteinase K treatment was re- 
quired to detect embryonic vg transcripts, as a result of 
their very low abundance (Williams et al. 1990a). vg ex- 
pression is first detected in germ-band-extended embryos 
Istage 10] in lateral stripes from the first thoracic {T1} to 
the seventh abdominal (A7) segments (Fig. 2a). By late 
germ-band extension (stage 11), three additional ventro- 
lateral clusters of cells in T1-T3 also express vg {Fig. 2b). 
By following the fate of the T2 and T3 clusters through 
the remainder of embryonic development, we conclude 
that most or all of these cells correspond to the embry- 
onic primordia of the wing and haltere discs (see below}. 
The T1 cluster is seen only during this stage and later 
germ-band retraction stages and is not detected repro- 
ducibly at later stages. This cluster may correspond to 
the dorsal prothoracic disc primordia. 

During germ-band retraction (stage 12), segmentally 
repeated expression is also detected in discrete cells in 
the ventral nerve cord IFig. 2cl. By the beginning of dorsal 
closure (stage 13), additional head region and ventral 
nerve cord cells express vg, and the ventrolateral clusters 
(wing and haltere disc primordia) begin to migrate dor- 
sally (data not shown). During the early stages of head 
involution {stage 14), the pattern of expression is quite 
complex (Fig. 2d). The ventrolateral clusters are clearly 
visible as discrete pockets of ceils, located laterally in T2 
and T3 (Fig. 2d}. These clusters correspond in location to 
the wing and haltere primordia, which have been de- 
tected at this stage using either fascillin III antibody 
staining (Bate and Martinez-Arias 1991) or whole-mount 
in situ hybridization with cDNA clones from the Abnor- 
mal  leg pattern gene (Cohen et al. 1991). Groups of ven- 
trolateral cells expressing vg mRNA flank the vg-posi- 
tive ventral nerve cord cells (Fig. 2d). The lateral stripes 
from earlier stages have migrated dorsally, and clusters 
of ceils in the head and abdominal regions express vg 
(data not shown). These structures may represent pro- 
genitors of sense organs of the peripheral nervous sys- 
tem. If vg protein is required in these cells, its function 
may be subtle or redundant, because no embryonic vg 
function has been reported. However, because the ma- 
jority of embryonic vg-expressing ceils may correspond 
to nervous system structures, loss of vg function could 
result in minor sensory defects. By the end of dorsal clo- 
sure (stage 16) the complex vg pattern of expression be- 
gins to degenerate, and only the imaginal disc and ven- 
tral nerve cord expression persists until the end of em- 
bryogenesis (Fig. 2e). The wing and haltere discs can be 
seen clearly as lateral in-pockets of cells in stage 17 em- 
bryos (Fig. 2e, f). These correspond in size and location 
with the wing and haltere discs identified morphologi- 
cally by Madhaven and Schneiderman {1977). It is of in- 
terest to note that the locations of the wing and haltere 
disc primordia at germ-band extension are very close to 
the respective locations of the meso- and metathoracic 
leg disc primordia (Cohen 1990). This is consistent with 
mosaic analysis, which has demonstrated that these 
pairs of primordia are closely positioned in the embryo 
(Wieschaus and Gehring 1976a). 
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Role of vg in Drosophila wing and haltete development 

Figure 1. Function and organization of the vg locus. (a) An adult wild-type fly; (b) a homozygous null vg fly; (c) a homozygous vg 83b2z 
fly. Note that the vg 8362z and vg homozygotes lack wings and halteres. (d) A partial restriction map of the vg locus, with ClaI (C); PstI 
(P]; HindIII (H); HincII {N); SalI {S); SstI (T); BglII (G); EcoRl (R); and Sinai {M3. An exon map of the vg transcription unit is also 
presented (bottom) (introns numbered), with relevant restriction sites indicated. The shaded region of the cDNA corresponds to the 
coding region. The deletion associated with the vg 83627 allele is denoted by a solid bar immediately above the map. Bars at the top 
denote regions of strong (solid) or weak [hatched) interspecific conservation of vg gene fragments between D. melanogaster  and D. 
virilis, respectively. 

In third-instar imaginal discs, vg expression is also 
limited to the wing and haltere discs and is expressed 
throughout these discs at very low levels (data not 
shown). However, vg is expressed at elevated levels in a 
broad stripe across these discs (Fig. 3a, b). In the wing 
disc, the zone of maximal expression includes the pri- 
mordia for the wing pouch and hinge regions, which are 
deleted or altered in vg mutants (Bownes and Roberts 

1981; lames and Bryant 1981; Williams et al. 1990a). 
Expression in the haltere disc mimics that of the wing 
disc (Fig. 3b) and includes the primordia for the haltere 
structures, which are removed in vg mutants. Given that 
temperature-shift studies indicate a requirement for vg 
function during the third-larval instar {Stanley 1931) and 
the direct observation that loss-of-function vg mutants  
undergo cell death in this region of the disc during third- 
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Figure 2. vg mRNA expression during embryonic development. The vg expression pattern in embryos was determined utilizing 
digoxygenin-labeled cDNA probes (see Materials and methods). A ventral orientation of a germ-band-extended embryo is shown in a; 
a later stage germ-band-extended embryo is shown in b. The T2 and T3 ventrolateral clusters (wing and haltere imaginal disc 
primordia) are labeled w (wing) and h (haltere) throughout. The transient T1 (') cluster may correspond to the primordia of the dorsal 
prothoracic imaginal disc. A ventral view of a germ-band-retracting (stage 12) embryo is displayed in c; d shows a ventral view of a stage 
14 dorsal-closure embryo. A stage 17 embryo is shown in e, with f depicting a high-magnification photo of the same embryo. All 
embryonic stages are as in Campos-Ortega and Hartenstein (19851. The ventral nerve cord expression is indicated with an arrow. 

instar development (Fristrom 1969; Bownes and Roberts 
1981; James and Bryant 1981), we conclude that  the de- 
tected high-level expression is essential for wing and hal- 
tere formation. 

The vg 83b27 allele deletes an intronic regulatory 
e lement  required for gene expression in the wing 
and haltere imaginal discs 

Flies homozygous for the unusual  recessive vg 83627 allele 

show extreme wing and haltere reductions but are wild 
type for all other vg phenotypes (see Fig. lc). Molecular 
analysis reveals that  vg s3b2z deletes most  of intron 2 (see 
Fig. ld), indicating that sequences within  intron 2 are 
somehow essential for wing and haltere development.  It 
is unlikely that an alternatively spliced exon exists 
within this intron, as no candidate cDNAs have been 
identified in extensive screens of imaginal disc cDNA 
libraries (J. Williams, unpubl.). Because vg 8362z homozy- 
gotes exhibit only the wing and haltere phenotypes, it is 
more likely that the vg 8362z deletion has removed a con- 

2484 GENES & DEVELOPMENT 



Role of vg in Drosophila wing and haltere development 

Figure 3. vg expression pattem in wild- 
type and Vg 83627 wing and haltere imaginal 
discs. Digoxygenin in situ hybridization 
(see Materials and methods) was performed 
with either wild-type (ab) or vg 83627 imag- 
inal disc complexes (c,d). The vg expression 
pattern in a wild-type wing disc and a wild- 
type haltere disc are shown in a and b, re- 
spectively. The vg expression pattem in 
two vg 83~27 wing discs is shown in c and d. 
These discs are unusually narrow as a re- 
sult of deletion of the entire wing pouch 
region of the disc (during the third-larval 
instar) in strong vg alleles (Bownes and 
Roberts 1981). Occasional discs exhibit a 
small part of the normal vg expression pat- 
tern (arrow in d), probably accounting for 
the observation that some vg 8abaz flies have 
partial wing structures formed (Williams et 
al. 1990a). All discs are shown at the same 
level of magnification. 

trol e lement  that is required specifically for vg expres- 
sion in these imaginal  discs. To test this idea, the vg 

expression pattern in vg 8362z embryos and discs was de- 
termined (see Materials and methods). No alteration of 
vg expression was detected in vg 8362z embryos (data not 
shown). Thus, vg 8362z has not deleted sequences re- 
quired for init ial  es tabl ishment  of vg expression in the 
wing and haltere primordia (or for vg expression in the 
developing nervous system, etc.). In third-instar imagi- 
nal discs, faint expression is seen throughout the wing 
and haltere discs (data not shown). However, the ele- 
vated expression pattern detected in wild-type discs is 
absent in all vg 83627 discs examined (Fig. 3c). Thus, 
vg s3b2z has deleted a control e lement  required for region- 
specific amplif icat ion of vg expression in the wing and 
haltere discs during larval development.  The loss of this 
high-level expression correlates wi th  the loss of the wing 
pouch and part of the presumptive hinge region of the 
wing disc in vg 8362z (Fig. 3c), consistent with the predic- 
tion that this elevated expression is essential for wing 
development (see above). The fact that occasional discs 
exhibit  a small  part of the normal vg expression pattern 

(Fig. 3d) implies both that some additional regulatory 
sequences exist that have not been deleted and that the 
control element is complex. 

The in t ron ic  regu la tory  e l e m e n t  can m e d i a t e  

both  cis- and  t rans -ac t i va t ion  of  the  vg p r o m o t e r  

The vg 83627 allele complements  recessive viable vg alle- 
les genetically and partially complements  some reces- 
sive lethal alleles (Alexandrov and Alexandrova 1987; 
Wil l iams et al. 1990a). Because vg 83627 has deleted vg 

control sequences, it appears l ikely that the complemen- 
tation is the result of alleles in t rans to vg 83627 that re- 
tain a functional disc enhancer t ransmit t ing this infor- 
mation to the vg 83627 promoter via chromosome pairing 
(transvection; Lewis 1954). This  would account for the 
ability of vg 83627 to complement  all tested recessive vi- 
able vg alleles (Williams et al. 1990a), as these alleles are 
cytologically normal and do not alter the intronic region 
deleted in vg 83627 (Williams et al. 1990a). Several reces- 
sive null  vg alleles have also been identified, on the basis 
of the phenotypes of these alleles when in t rans to each 
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other or in trans to Df(2R)vg B (vgB), a cytologically visi- 
ble deficiency of the vg locus (Williams and Bell 1988; 
Williams et al. 1990a, b). To test the prediction that chro- 
mosome pairing is required for complementation, the 
wing phenotype of flies containing these alleles in trans 
to vg 83bez was determined (for the origins and locations 
of the lesions associated with these alleles, see Materials 
and methods). Partial complementation is exhibited (i.e., 
wing and haltere phenotypes are significantly less ex- 
treme than either parent) when vg s3627 is heterozygous 
with vg ~" and vg 12, consistent with the fact that these 
are cytologically normal alleles that do not alter intron 2. 
Interestingly, no complementation is seen with vg 136 or 
with the vg wR2-4 alleles, all of which are associated with 
inversion breakpoints in either intron 1 or 2. These re- 
sults argue that chromosome pairing is required for 
vg 83bez complementation, as these inversion breaks 
should disrupt chromosome pairing in this region. 

Interspecific comparison of Drosophila melanogaster 
and Drosophila virilis vg gene sequences identifies 
a potential  conserved in tronic con trol region 

The Drosophila melanogaster and Drosophila virilis 
lines diverged - 6 0  million years ago (Beverly and Wilson 
1984). Previous comparisons of genes in these two spe- 
cies revealed that essential regions (i.e., conserved cod- 
ing regions) have diverged -10%,  whereas nonfunctional 
sequences (i.e., some intronic regions) have diverged 
completely (Blackman and Meselson 1986; Kassis et al. 
1986). Thus, functional regions within genes can be iden- 
tified, on the basis of the degree of DNA sequence con- 
servation between the cognate genes in the two species. 

We have cloned the D. virilis vg locus and used South- 
em hybridization analyses to identify conserved regions 
within the vg loci (see Materials and methods). The lo- 
cations of the strongest hybridizing restriction fragments 
detected in this analysis are shown in Figure l d. As ex- 
pected, several of these regions correspond to coding ex- 
ons of the vg transcription unit (see below). The prima- 
rily noncoding exons 1 and 2 and the 3'-untranslated 
region are not as heavily conserved. However, the high 
AT content of these regions (see below) may obscure the 
detection of conserved sequences, owing to the low 
melting point of AT-rich hybrids. In addition, four non- 
exonic conserved restriction fragments were also identi- 
fied (see Fig. 1). One strongly conserved region was de- 
tected in intron 2 and is the only conserved region de- 
tected within the region deleted in  v g  8ab27 (Fig. 1). The 
conserved D. melanogaster intron 2 restriction fragment 
was used to probe Southern blots of DNA fragments of 
the D. virilis locus; this localized the homologous region 
in D. virilis to a small restriction fragment in approxi- 
mately the same location as in the D. melanogaster gene 
(data not shown). Both regions were sequenced, and 
alignment revealed that a region of remarkable conser- 
vation (134 to 136 bp aligned) is present, which includes 
a 118-bp region of perfect conservation (J. Williams, un- 
publ.). This region is incapable of forming strong second- 
ary structures and does not show significant homology 

(in either orientation) to any reported sequence (Gen- 
Bank release 67 and EMBL release 26). To the best of our 
knowledge, this is the longest perfectly conserved region 
yet detected between D. melanogaster and D. virilis. Be- 
cause it is likely that essential DNA would be evolution- 
arily conserved, this region is an excellent candidate for 
the location of an essential region of the intronic control 
element defined by the vg 83627 deletion. 

vg encodes a putat ive modular  protein, wi th  homology 
to the Deformed homeot ic  protein 

We have demonstrated that the vg transcript is expressed 
in a complex spatially restricted pattern in the embryo 
and that imaginal disc expression is restricted to subre- 
gions of the wing and haltere disc shown to require vg 
function. To further elucidate the potential function of 
the vg gene product, we have identified the predicted 
vg-coding sequence from cloned cDNAs. The nucleotide 
sequence of the longest eDNA (eDNA1), as well as cor- 
responding genomic intervals, was determined (see Ma- 
terials and methods) and is shown in Figure 4. The size of 
the transcript is 3.5 kb [without a poly(A) tail], in good 
agreement with size estimates from Northem analysis 
(3.7-3.8 kb). However, primer extension analysis will be 
required to precisely map the transcription start sites. A 
conceptual translation of the longest vg open reading 
frame (ORF) is shown above the sequence. The vg pro- 
tein is predicted to be 453 amino acids long, with a mo- 
lecular mass of 46 kD. Hydrophobicity analysis (not 
shown) indicates that no obvious signal peptide or 
strongly hydrophobic regions characteristic of trans- 
membrane domains is present in the vg product. This 
implies a cell-intemal role for the protein, consistent 
with immunolocalization studies (see below) and genetic 
evidence indicating that the vg product is cell autono- 
mous (Bownes and Roberts 1981). The putative protein is 
rich in serine (15% ), alanine (13.5%), glycine (13%), and 
histidine (9%) residues. The alanine and glycine residues 
are distributed nonrandomly, with an alanine-rich inter- 
val in exon 3 and glycine-rich regions in exons 3 and 4 
(see Fig. 4). The glycine-rich regions are encoded by GGX 
nucleotide repeats. This nucleotide repeat (pen repeat) 
has been identified in a number of Drosophila transcripts 
(Wilde and Akam 1987) and often codes for polyglycine 
in proteins. 

A weak vg allele (vg zvdS) is associated with a small 
deletion that removes the 5' end of exon 3 (removing the 
polyalanine region of the exon), thus producing an inter- 
nally deleted transcript (Williams et al. 1990a). Clearly, 
the 5' end of exon 3 (including the polyalanine repeat) is 
not essential for vg function [as vg zgd5 is a weak vg allele 
that is associated with only mild nicking of the wing 
margin). The protein regions flanking the exon 4 glycine 
repeat are probably functional, because strong protein 
sequence conservation between D. melanogaster and D. 
virilis is seen in the intervals flanking the exon 4 gly- 
cine-rich interval (Fig. 5a). However, the glycine-rich re- 
gion shows poor interspecific sequence conservation 
(Fig. 5a). These results are consistent with the idea that 
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1 GAATTCCTTTCAATC TGTTTGTCGAAc TT TAAAAT CAGAGAC, AAACAGCAG GAGT T T CG TC TACT TGAGGACACAAT TGAGAC ~AC TC c ~  TTAT ~ T ~  C~T G T ~ ~  T 

121 AGT~CCTGC, AAACAACAATACAAC GC TGAATGCGGCAGCAAT CAAGTG GG C GGT GC TT GG CAAC TGCAGCA~C TAGT TG TC C C ~TC C~CGCG~ C ~ T ~  TGCC~ ~ G 

241 AGAC, AGATGGCCC GATACAAGAAATTGCCAT TTTGTTTT CAAT GC CGCGGCGACT GC GC TGCC GT CGCGCT GC CC ~ T  ~ T  TG~TT TACC ~TC ~ T G C ~  T G ~ C  

361 TCTTCCGATTGAGCGGCAGCCGGAGCTCTCCGT GTTTTT CT CT CACCGC CGCG CG GGAT TT TC GATTTC GGAT TT TC GATT TCAGCG T A A A C G A G A A T A ~ ~ ~ C ~  

481 AAAChT-AAAATCCTAGTC-AGTGAT CGCGGCAAGT GCAGTT CATTTGTT TT CC_AAGT GC CACATC GCAAAG~T~T~T T A T A ~ T A ~ T C  C ~ ~ ~ ~  

601 AATAGTGCCGTTCTCCATCTCATTTTC GCTCGC TG GCTATC GC CC TC TC TCTCAC T C GC TC TC GCAC.AA~ ~ C G C ~ T  ~ A T ~ ~  CG~T ~ T ~ T A ~  

721 TATTTTCATTGAGTGCGCCGACCAAATGTTTGCTG CTCGTT TT CGGT TAAAAATAAT CGCAGAAGCCGC TGCGCCAAAATCT~T T ~  ~ ~ T ~ C C ~ ~ A T ~ T  

841 TAATTACTATTCAAATTAACAACAACAACAAAACGATCAAACGAAAATTAAGT CAAGTT TTAC CTTGTCAA~ T ~ T  ~ ~ ~ T A T ~ T G ~ ~  ~ T ~ ~  

1201 ~ G A G G G G A G C ,  AAACTGAGTCGAAAAC, AAAAGGAAATT AC CCAC GAAC GGGAAT GGCAAATG~TA~G TT TG C ~ ~ ~ C  ~ ~ ~ C  

1321 AAAAAGC-AATTATAC-CT C, CTGATACAAAC GCGATGGT GT TTTACAATAT GTAAAT AT AATTAG CC GAGC GGAG~ ~ ~ C ~ T  TT TG C ~ C ~ ~ T ~ T ~  TAC 

1441 AACTGCTGCAGAAAAAATACAACAAAAACAACAAAACAC GC CT TC.AC TT GAAAGC C G GT TT TATAAT TACT CCAA~ ~ TA~ CC CC TT CC ~ C C CC ~ ~ TC TC TC TATC TATA~TCT 

1561 ATCTCCCTCTCTTCAGAC.AC, AGCAT TCAATT TCAAAC C C CC C.ATA CGAT TACC~KA T C CAAT TGGAAC ~ CG CGTA~ ~ ~ T ~ T T  CC ~ CC CC ~ T ~  ~ T A C ~ T ~ A  

1681 ACTACCATCCATCGCTAAACCC.CAAAAGCAGTGAGCCAG TG TGAG TG C CAG TG C CAG TG CCAG TG TG TG TGTGGC_AG T~G TG ~GTT ~ ~ ~ ~ ~ ~ ~ ~ 

M A V S C P E V M Y G A Y Y P Y L Y G R A G Q S R S F Y Q Y E R F N Q D L Y S S 

1800 ATG, C-CAETGTCCTC,,CCCCGAAGTTATGTACGGTC.C CTAC TATCCATATC TGTACGGGCG CGCT C, GAA~TC C, ATCGT TC TACCAGTATGA~T~C~TTTGTA~CCTCC 

S G V N L A A S S S A S G S S H S ('~ C S P I L P P S V S A N A A A A V A A A A H 
1920 T~CGTC~CTTGGCCGCCTCATCC.AGTGCCTCC, GC.CAGCT CC CACT CGCC CTGCAGCC CCATCC TGCCGCCATCGGTGAGCGC~TGCCG, CTGCG~GTGC, CAGCG~CC~C 

N S A A A A V A V A A N Q A S 5 5 G G I G G C. G L G G L G G L G G G P A S G L L 

2040 AATAGTGCAGCGGCGGCAGTGGCGGTC~GCCJ~%TCAGC~CCACwCTCCTCCGGCGCJ~ATCGC~AC~GCG~CTC~CG~CT~CTG~CG~CCG~~CTGCTT 

~ ' g - 2  * t G S N V V G S S V G S V G L G M S P V L S G A A G H S L H S S H R T H A H 5 

2160 GC~GCA.ATGTGGTGCCCG~GCA~TAGTGTCC~G~.AGCGT~CTC~GGA.ATGAGTCCG~TGCTC~.AC~C~GCGGCC~GG.A~CGCT~A~GTTCG~C~AC~CACTCC 

L A H A H T H P H S H T H T H T H] Q T K E E D L I V [ R 5 E A E A R L V G S Q Q 
2280 CTCGCCCACGC-ACACACC~CCCGCACTCGCACACACACACC~CATACGCATCAAACCAAAGAAGAC~GACCTCATCGTGC:` ,CG~C,C~GCTG/~GI~CGCCTGGTC~C-~TCCC~ 

H Q H H N E S S C S S G P D S P R [H A H 5 H--S H PI L H G G G G A G G P S S A G 
2400 CATCAC-CA%TCATAATGAAT CATC CTC.CTC CTCC C.G TCCGC.ACT CC C C C-C C,C CACGCC CACT CGCACAC~C ~ TC CGCT~AC ~ TG~ ~ C G ~  ~CC ~CG GTC~TCTTC CGCG~T vg;2 

G T G S G G G D G G G T G A I F K N L P A L E T P M G S G G G G L A G G Q 
2520 GGTAC GGC, CTCGGGGGGCGC.C C.AC GC4%GGCG~C GG C~GC, C AA TA C C CAA C.AA T C T G C CAG CA CT C, CJ~C ~ C GAT ~ ~AG CG ~ CG~ ~ T  TG ~ CG~G TG~ ~ ~  

A Q Y L 5 A S C V V F T N Y 5 G D T A S Q V D E H F S R A L N Y N N K D S K E S 

2640 GCTC.A.KTATCTATCGC.CCT CCTGCGTTGT GTTCAC C.A.AC T ACT CG GG CGACAC GG CC AG C C AGGT C~C C~AGC AC TTTT CC C G CGCC CTC-AAc TACAA~G~TT ~ ~ C  

�9 0 S S P M S N R N F P P S F W N 5 N Y V H P I P A P T H H Q V 5 D L Y G T A T T 
2760 AC'c~GCCCC~TGTc~TC~TTTCCC.ACCGTCGTTCTGGJ~CAGC/~TTACGTGCACCCCAT~2CCC~C~CC~CACACC-ACCAC~TTAC~CTTGTATG~CCGC~C~CC 

G Y A T D P W V P H A A H g G S Y A H A A H A H A A H A H DA Y H H N M A Q Y G S 
2880 GC.,CTACC-CCAC CC.ATCC GTGGGT GC CGCATGCGGCCCAC TAT GGT TC CTAT C.C CCAC ~ G  CGCA CGCCCATGC GC, C CCAC C.C CCAC C.C CTA.C CAC ~ T G ~ C ~ G T A C G ~ T  

L L R L P Q Q Y A S H G S R L H H D Q Q T A H A L E Y S S Y P T M A G L E A Q V 
3000 CTCC.TC~C.~C~C~C̀~D~TAcGCC-~GG̀I~CC~eTGC~ACG~C.AGC~C~G~C~CCTG~GTACTC~TAT~C~TG~cT~~G 

A Q v Q E s s K D L Y W r .6 7 

3120 GCGC.AAGTACAC,~TCGTCC.AA~TCTTTACTGGTTCTAAACGCCAC CT GGCGATC,,C.AE~AT CGCCGATGTC CT TCGGCGAGTGTATAAACC~ ~CC T G ~ T  ~ ~ C C  C 

3240 ~TCGAATACAATGTGCGACTTTGGGTCGGGATTTTC`AGAGCGCTTCTTAAGCAAAACTGCAGT~~~~~T~CG~T~T~T~A 

3360 AT'r TAATTTTACCATAATGTTTAAC GTTAAACTATAATTCGTAAE CT TAAAAAC.AAC TT G T ~  ~ ~ TC~ ~ T  TC ~ C  ~T ~ ~ ~ CG~ ~ T~T ~ TGT~ 

3480 GTT TAGC_AT CC CATATC.~T TTAC~TACAATAAT GACT AT AT ACAC TATATATATATA2&ATATACACATAAATATATAAT GGTA~ CGT~T ~ ~ TG~CG~ T~ 

3600 TAATCAATATTTCTTGTATAGTTAACGCGAACTTT GACATAAACT TAAA GCAACAACAAA~ TTAGAATTTATT TT GT TT~C TT C~T TT ~ ~ C  TT ~ C  TA ~ T ~ C ~  

3720 AAAT~T T ~ C , C . A A A G C A ~  CC]AATAAA/~GA T~%ATAA~T ~ CA CAAT TT ~ T  AC A~ T ~ C T  C,A 

I 2 4 

Figure 4. Sequence of the vg transcription unit. The sequence of the v g transcription unit and flanking genomic DNA is shown. The 
sequence begins at the EcoRI site at -0.4 kb (see Fig II. (V) at bp 347 shows the 5' extent of cDNA] An additional 177 bp is present 
5' to this base in the eDNA. However, this DNA is derived from exon 2, probably as a consequence of aberrant cDNA synthesis. The 
numbered arrowheads below the sequence identify the intron junctions within the cDNA sequence; the numbered arrowheads at the 
bottom show the 3' ends of cDNAs i (Williams et al 1990a), 2, and 4. Four nongenomic A residues are present in cDNA2, demon- 
strating utilization of one of the upstream polyadenylation sites (AATAAA, in brackets} in this eDNA. A conceptual translation of the 
vg ORF is indicated above the sequence, with the alanine- or glycine-rich intervals underlined, as well as two potential N-linked 
glycosylation sites (NXS/T). The two paired repeats are boxed, and asterisks (') indicate potential protein kinase C phosphoryation 
sites. The indicated ATG is probably utilized as the start codon, as this is the first ATG codon in the ORF and the sequence 
(GACAATG) shows strong homology to the translational consensus sequence {C/AAAA/CATG) reported in Cavener (1987}. A 600-bp 
3'-untranslated eDNA sequence follows the ORF. Four ATTTA and 11 ATTT sequences are present in this region. This may indicate 
that the vg transcript is rapidly degraded, as these sequences are associated with rapid turnover mRNAs {Shaw and Camen 1986). The 
ORF is preceded by an extremely long (at least 1453 bp) leader sequence containing 11 potential start codons (ATG; underlined), all 
of which have limited coding capacity (<44 amino acids in potential translatable lengthl. The sequence shown is genomic DNA 
(Oregon-R). Of six detected coding-region polymorphisms, two result in amino acid substitutions (circled): threonine to proline {23) 
and proline to threonine {58}. Labeled arrows correspond to the amino-terminal start sites of the vg-1 and vg-2 fusion proteins. Both 
clones extend to the BglII site 3' to the stop codon. 
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200v 210v 220v 230v 240v 
MEL ARLVGSQQHQHHNESSCSSGPDSPRHAHSHSHPLH~TGGPSSAGGTG 

ARLVGSQQH HHNESSCSSGPDSPRH:H:H.H.LH-- :.-~.'G 
VIR ARLVGSQQH-ItHNESSCSSGPDSPRHPHAHPHSLH ........... GTGAG 

250v 260v 270v 280v 290v 
MEL SGGGDGGGTGAIPKNLPALETPMGSGGGGLAGSGQGQAQYLSASCVVFTNY 

S::G G::TGA:.K:LP L:T. :SGG : :G::QG:AQYLSA:CVVFTNY 
VIR SSAGVGPATGAMSKELP-LDTSSSSGGVA-C,C~SQGRAQYLSATCVVFTNY 

300v 310v 
MEL SGDTASQVDEHFSRA/AWYNNKDSK 

SGDTAS VDEHFSRALNY:NK::K 
VIR SGDTASVVDEHFSRALNYSNKEAK 

ll0v 120v 130v 140v 150v 
VG ,GGLGGLGG~P~SGLLGSNVVPGSSSVGSVGLGMSPVLSGAAGHSLHSS 

:: G : ~%S S V G:::VGSVG G : ::G : MS:H:: 
DFD DDYHHYNGHYSM~STGHMSGAVGGGAGVGSV~ACKIMTGHP-HSMHPA 

40 ̂  50 ̂  60 ̂  70 ̂  80 ̂  
160v 170v 180v 190v 200v 

VG HRTHAHSLAHAHTHPHSHTHTHTHQTKEEDLIVPRSEAEARLVGSQQHQHH 
: :AH H :PHSH:H:HTH :P: : : : :  : G :Q 

DFD DMVSDY-MAHHH-NPHSHSHSHTH . . . . . . .  SLPHHHSNSAISGHHQASAG 
90 ̂  I00  ̂  II0 ̂  120  ̂  

210V 220V 230V 240v 250V 
VG NESSCSSGPDSPRHAHSHSH~LH~ATGGPSSAGGTGS~GGGTGAI 

SS : : :P H:HSH:H:[ : : :: ::G: ::: T : 
DFD GYSSNYANATPPSHPHSHPHA~PHQSLGYYVHHAPEFISAGAVHSDPTNGY 

130 ~ 140 ̂  150 ̂  160 ̂  170 ̂  

Figure 5. Interspecific protein conservation and alignment of 
the vg and Deformed proteins. The predicted protein products of 
exon 4 from D. melanogaster and D. virilis are aligned in a. The 
respective amino acids are shown in the top and bottom lines, 
with dashes indicating gaps. Matched amino acids are indicated 
in the middle line, and double dots indicate conservative sub- 
stitutions. The overall homology is only 65%. However, regions 
of high conservation are seen at both ends of the exon: 86% (30 
of 35 amino acids) identity at the amino terminus and 85% (35 
of 41 amino acids) conservation at the carboxyl terminus. The 
central glycine-rich interval (underlined) is highly diverged and 
difficult to align. The majority of the nucleotide alterations in 
the D. virilis-conserved regions result in silent site substitu- 
tions, consistent with the prediction that the product of this 
ORF is conserved. (b) The vg product (top) is aligned with the 
Deformed protein (bottom; Regulski et al. 1987). Amino acid 
coordinates within each protein are indicated, and glycine-rich 
intervals in the vg protein are underlined. The region of maxi- 
mum homology is bracketed; potential N-linked glycosylation 
sites (NXS/T) are underlined. Amino acids identical in both 
proteins are shown between the sequences; double dots repre- 
sent conservative substitutions. Dashes in the Deformed se- 
quence denote gaps introduced to maximize the alignment. 
Both alignments were performed using the FASTA program 
(Pearson and Lipman 1988). 

the vg homopolymeric  repeats are not essential func- 
tional domains in the protein. It has been speculated that 
homopolymer  repeats represent spacer intervals between 
functional domains in some proteins (Burtis et al. 1990}. 
These observations suggest that the vg protein may be 
modular  in structure, wi th  a m i n i m u m  of two functional 
domains l inked by the exon 4 glycine-rich interval. 

Data base searches revealed no significant homologies 
to the putative carboxy-terminal protein domain. How- 
ever, two regions containing alternating hist idine resi- 
dues are present in the amino-terminal  domain (see Fig. 
4} and are similar  to the previously characterized paired 
or His-Pro repeat (Frigerio et al. 1986). Although the 
function of this repeat is unknown, it has been identified 
in a number  of Drosophila developmental  genes, which 
include the paired, bicoid (Frigerio et al. 1986), daugh- 

terless (Cronmiller et al. 1988), Deformed (Regulski et al. 
1987), and E74 (Burtis et al. 1990) gene products. The vg 
and Deformed repeats are hist idine alternating wi th  pre- 
dominately serine or threonine residues, whereas the 
paired gene repeat has a higher frequency of proline at 
these positions. The significance of this divergence is 
unknown. However, interspecific conservation analysis 
of the second vg repeat reveals that the alternating his- 
tidine residues in the repeat are perfectly conserved, 
whereas the identities of the alternative amino acids are 
flexible (Fig. 5a), implying that the observed divergence 
may not be functionally significant. 

The vg sequence flanking and including both of these 
repeats is most s imilar  to the Deformed protein (Fig. 5b). 
The region of m a x i m u m  homology extends through a 
109-amino-acid interval wi th in  vg exons 3 and 4, includ- 
ing essentially all of the putative vg amino-terminal  do- 
main. Within this interval, 33.7% identi ty is seen. If con- 
servative substi tutions are included (identified by the 
Fasta algorithm; Pearson and Lipman 19881, the level of 
amino acid s imilar i ty increases to 61%. Interestingly, 
the highest s imilar i ty  is in the two ahernat ing hist idine 
repeats. The detected level of identi ty may be an over- 
estimate of protein homology, because several gaps were 
introduced to maximize  the alignments.  However, the 
regions of conservation in both proteins (bracketed in 
Fig. 5b) show similar  hydrophobicity profiles when com- 
pared to one another, and the conserved interval is near 
the amino terminus followed by a glycine-rich region in 
both proteins (not shown for Deformed). These results 
argue that vg and Deformed possess related protein do- 
mains, both of which contain two paired repeats orga- 
nized in similar  secondary structures. This domain ap- 
pears essential for vg function, because the exon 4-en- 
coded portion shows strong interspecific sequence 
conservation (Fig. 5a) and the exon 3 region is also 
strongly interspecifically conserved, as indicated by re- 
striction fragment hybridization analysis (see Fig. 1). 

The vg protein is localized to cell nuclei 
and demarcates the wing- and hahere-forming 
subregions of these imaginal discs 

The vg product is required cell autonomously in the 
wing and hahere discs during the third-larval instar for 
formation of wing and hahere  structures (Bownes and 
Roberts 1981). The regions of elevated vg expression in 
these discs include the structures deleted or altered in vg 
mutants.  Thus, it is l ikely that the vg protein is required 
in these regions and is present at relatively high levels. A 
vg-specific antibody was generated (see Materials and 
methods) to test this possibility, as well as to determine 
the subcellular localization of the vg protein. The anti- 
body-staining pattern corresponds to the m R N A  expres- 
sion pattern in embryos (data not shown} and in larval 
third-instar wing and haltere discs (Fig. 6a,b,d); high 
magnification (and double immunofluorescence label- 
ing; see Materials and methods) shows that the vg pro- 
tein is localized primari ly in the nucleus (Fig. 6a). Com- 
parison of the regions of vg protein expression with fate 

2 4 8 8  G E N E S  & D E V E L O P M E N T  



Role of vg in Drosophila wing and haltere development 

maps of the wing and haltere discs (Bryant 1975) dem- 
onstrates that high-level vg expression marks most of 
the cells destined to form wing and hinge structures (and 
haltere structures in the haltere disc), but no (or low 
level) labeling is seen in the subregions of these discs 
that form notum or other thoracic cuticular structures 
(Fig. 6a). vg expression continues to mark wing struc- 
tures, during the early and late stages of pupal wing ever- 
sion (Fig. 6, c and e, respectively), as well as everting 
haltere structures (data not shown). Thus, vg expression 
demarcates the presumptive wing- and haltere-forming 
regions of these imaginal discs, during both the determi- 
nation and morphogenesis of these structures. 

D i s c u s s i o n  

The nuclear-localized vg protein marks imaginal disc 
cells fated to form Drosophila flight appendages 

The vg gene is required to specify the identity of the 
presumptive wing region of the wing imaginal disc, and 
the corresponding region of the haltere disc. We have 
demonstrated that in larval imaginal discs, vg expression 
is limited to these discs and is expressed in the nuclei of 
cells that are fated to form wing and haltere structures. 

Mutations in a number of Drosophila genes result in 
wing defects, including nicking, notching, or scalloping 
of the adult wing margin (Lindsley and Grell 1968). 
These genes are probably downstream of regulatory 
genes required specifically for wing formation, and their 
frequency reflects a requirement for a large number of 
gene products during wing formation. Only a small num- 
ber of genes have been identified that when mutated, 
specifically eliminate all wing and haltere structures 
(but not other cuticular structures formed by these 
discs). This latter group of genes includes the decapen- 
tapelegic (dpp), scalloped (sd), apterous (ap), and vg 
genes; the genes likely encode factors that are globally 
required for Drosophila flight appendage formation. Of 
these genes, only the ap, sd, and vg genes appear to be 
required specifically for formation of wing and haltere 
structures, as they are not required for other pattern for- 
mation processes (Lindsley and Grell 1968; James and 
Bryant 1981). It is possible that these few genes have 
evolved to provide specific functions required for flight 
appendage formation. The vg gene is the only gene 
known to be expressed in the presumptive wing and hal- 
tere primordia, and we would argue that this pattern of 
gene expression, the strength of the vg phenotype, and 
the localization and structure of the vg gene product all 
support a fundamental role for vg in regulating flight 
appendage development. 

The vg protein may  interact with other nuclear 
regula tory pro teins 

What is the function of the vg protein in the developing 
wing and haltere? Analysis of the vg transcript indicates 
that the vg protein may have a modular structure and 
contains at least two putative functional domains linked 

by a glycine-rich interval. While neither domain is a 
known nucleic acid-binding motif, one domain is com- 
monly found in DNA-binding proteins and shows simi- 
larity to part of the Deformed homeotic protein (a 
known DNA-binding protein). This domain contains 
two alternating histidine repeats [paired repeats) that are 
conserved in location and structure in both the vg and 
Deformed proteins. A similar repeat in the human high- 
molecular-weight kininogen protein has been shown to 
mediate protein-protein interactions with a negatively 
charged protein domain (see Haynes et al. 1989). These 
regions may interact with acidic domains in nuclear pro- 
teins that are regulated by or modulate vg and Deformed 
function. It has been observed that the vg and Notch 
genes interact synergistically (Rabinow and Birchler 
1990), raising the possibility that vg may be a tissue- 
specific component of a cell interaction pathway re- 
quired for formation of flight structures. If so, then vg 
may act, not as a direct DNA-binding protein, but by 
interacting with one or more other regulatory proteins to 
specify the wing and haltere modes of development, per- 
haps by regulating the expression of structural genes in- 
volved in cell differentiation and morphogenesis. 

vg is clearly not the sole determinant required to pro- 
mote wing differentiation, as loss of vg function results 
in cell death, rather than a transformation of wing-to- 
notum structures. It is likely that vg acts in parallel with 
several other genes (i.e., ap, sd) to promote flight append- 
age development. Loss of any one of these genes may 
result in an intermediate determinative state, in which 
the cells are unable to either form wing or return to the 
(potential) ground state of notum. This may result in the 
observed cell death seen in vg (as well as ap and sd) 
imaginal discs. If this is the case, it is possible that vg is 
tightly spatially regulated because high-level expression 
of vg elsewhere in the wing disc will cause abnormalities 
due to alterations to positional values within the disc. 
This possibility can be tested by examining the pheno- 
typic consequences of ectopic expression of vg, by uti- 
lizing a P-element constuct that places a vg cDNA under 
heat shock control. 

The larval imaginal disc expression pattern 
may require prior embryonic activation 

During embryogenesis, low-level vg expression is estab- 
lished exclusively in the wing and haltere primordia and 
not in other identified disc primordia [i.e., leg or eye 
antennal disc primordia). It is of interest to speculate 
why vg expression is established early on in these disc 
primordia, as the vg protein is probably not required un- 
til later larval development [from temperature-shift anal- 
ysis; Stanley 1931). It is possible that general low-level 
vg expression in these embryonic primordia is part of a 
two-step process required to set up the later high-level 
spatially restricted larval expression pattern. In the first 
step, expression is initiated in a subset of the embryonic 
imaginal disc primordia. In the second stage, region-spe- 
cific amplification of expression occurs during larval de- 
velopment in these discs. This results in the final pattern 
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Figure 6. {See facing page for legend.} 
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of expression observed in third-instar discs, limiting el- 
evated vg expression to the regions in which vg function 
is required. Thus, a segmentally restricted larval pattern 
of expression could be imprinted during embryogenesis 
and interpreted later during larval development. Alter- 
natively, the intronic enhancer may be able to weakly 
activate vg expression (in the correct pattern) without 
prior embryonic expression but acts synergistically with 
the low-level expression established during embryogen- 
esis to produce the observed spatially restricted elevated 
vg expression. However, it is possible that the embryonic 
expression in the wing and haltere primordia is coinci- 
dental and not necessary for subsequent expression. P-el- 
ement-mediated DNA transformation analysis of the pu- 
tative disc control region (in promoter fusion constructs) 
should help to elucidate the mechanism by which larval 
disc expression is activated. 

How is vestigial expression init ially established 
in the imaginal disc primordia? 

The Ultrabithorax (Ubx) gene is required to specify hal- 
tere imaginal disc development, whereas Antennapedia 
(Antp) is required to specify wing disc development. It is 
not known whether initial establishment of vg expres- 
sion is directly or indirectly responsive to these ho- 
meotic genes, because the relevant vg control sequences 
have not been identified. Clearly, other regulators must 
also exist (e.g., dorsal-ventral patterning genes), as ex- 
pression is not observed in the mesothoracic and met- 
athoracic leg disc primordia, which also require these 
homeotic genes for specificity (see Simcox et al. 1991). 
Because vg serves as a molecular marker for the estab- 
lishment of the wing and haltere primordia, analysis of 
vg expression patterns in genetic backgrounds mutant 
for potential regulatory genes may identify the genes 
that specify the identity of these primordia. Further- 
more, although the location of sequences required to ini- 
tially establish vg expression in the embryonic disc pri- 
mordia have not been identified, genetic evidence indi- 
cates that all sequences required for wing development 
reside within the 16-kb interval, including the vg tran- 
scription unit (Fig. 1, coordinates 0 to + 16; Williams and 
Bell 1988; J. Williams, unpubl.). P-element-mediated 
DNA transformation analysis of the interspecifically 
conserved restriction fragments that we have identified 
within this region may identify these embryonic control 
elements, thus allowing a detailed analysis of the mech- 

anism of establishing gene expression in these disc pri- 
mordia. 

What regulatory genes interact with the larval 
enhancer? 

The vg ~3~27 allele is a deletion mutant of intron 2 that 
abolishes the high level of vg expression observed in 
wing and haltere imaginal discs but does not eliminate 
expression from the embryonic primordia. Genetic evi- 
dence indicates that the intronic element deleted by 
vg ~3~'27 can operate on the vg promoter in cis or trans. 
Although P-element-mediated DNA transformation ex- 
periments will be required to firmly establish the loca- 
tion of this control region, interspecific sequence com- 
parisons have identified a strongly conserved interval 
within this intron that is a probable candidate for an 
essential part of this control region. The amplified pat- 
tern of vg expression in third-instar discs is a broad stripe 
defining the presumptive wing region of the wing disc 
and is excluded from presumptive notum cells. Because 
the notum-wing compartment restriction is established 
during early larval development (Garcia-Bellido 1975), vg 
may be under the control of developmental regulators 
involved in establishing or maintaining this restriction. 
The fact that some vg 83627 discs show small parts of the 
expression pattern (see Fig. 3) indicates that some con- 
trol sequences may map outside the intronic deletion. 
This implies that this control element is more complex 
and suggests that the control region may respond to a 
number of factors required in establishing this restric- 
tion. 

vg expression in the wing and haltere discs is essen- 
tially a stripe of cells across the distal portion of the disc 
and is centered on the putative margin region. These 
patterns suggest that the upstream regulators that acti- 
vate vg expression could also be expressed in similar 
stripes across the wing and haltere discs at the time vg is 
activated. Such regulators should function during early 
larval development (first or second instar) to set up am- 
plified vg expression. These upstream genes should also 
be required for wing development (and potentially other 
pattern formation processes} and may include genes that 
have already been defined as essential for wing develop- 
ment. 

An excellent candidate upstream activator of vg is the 
wingless (wg) segment polarity gene, which is a compo- 
nent of a signaling pathway required for embryonic and 

Figure 6. Expression of the vg protein in the presumptive wing and haltere regions of late larval imaginal discs. The vg protein 
expression patterns in wing and haltere discs are shown in b and e, respectively. (a) A highly enlarged photograph of a wing disc. Fate 
map locations of adult wing disc derivatives (Bryant 1975} are indicated in a. Abbreviations: (N) notum; {D) dorsal wing blade; (V) 
ventral wing blade; (WM) wing margin; (H) wing hinge. The arrow denotes the ventral limit of staining, which precisely demarcates 
the boundary between the ventral wing blade and the adjacent region of the disc that will form ventral thoracic structures. The region 
of maximal staining corresponds to the wing margin (solid line), and extends symetrically into the dorsal (D) and ventral (V) wing blade 
regions of the disc. It appears that most of the presumptive wing blade cells in the disc express vg, as vg labels essentially all the wing 
during the early (c) and late (d) eversion of this structure in the first several hours after puparium formation. The absence of staining 
in wing imaginal discs isolated from a homozygous protein null fly (data not shown) confirmed that the antibody staining pattern is 
vg specific. 
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imaginal disc pattern formation (Peifer et al. 1991). wg is 
required during the first- and second-larval instars for 
wing  fo rmat ion  (Baker 1988). Absence  of wg func t ion  
resul ts  in w ing - to -no tum t ransformat ions ,  cons i s ten t  
w i t h  a role of wg in ac t iva t ing  genes required in later 
larval life (i.e., vg) to specify wing  versus n o t u m  devel- 
opment ,  wg m R N A  is expressed in a complex  pa t te rn  in 
imagina l  discs (Baker 1988) but, in the  wing disc, is ex- 
pressed p r e d o m i n a n t l y  in a nar row stripe across this  disc 
(and hal tere  disc), w h i c h  defines the wing  margin  (Peifer 
et al. 1991). The  wg prote in  is probably expressed in a 
broader region f l ank ing  th is  stripe, as wg encodes a se- 
creted pro te in  (van den Heuve l  et al. 1989). P resumably  
gene ac t iva t ion  is not  media ted  di rect ly  by the wg pro- 
te in  but, rather,  by a t ranscr ip t ion  factor tha t  is a nuclear  
c o m p o n e n t  of the wg s ignal ing pa thway .  Analys is  of vg 
imagina l  disc express ion pa t te rns  in genet ic  backgrounds  
m u t a n t  for wg and other  po ten t ia l  trans-acting regula- 
tors of vg, and molecu la r  d issec t ion  of the cis-regulatory 
e lemen t s  responsible  for i ts  pa t te rned  expression in 
imagina l  discs should  yield valuable  in format ion  about  
the genes required for wing  and hal tere  fo rmat ion  and 
the proper regula t ion  of vg expression during larval de- 
ve lopment .  

Materials and methods 

D. melanogaster stocks and culturing 

Stocks were grown at 24~ and maintained on a synthetic me- 
dium (Nash and Bell 1968). The origins, phenotypes, and mo- 
lecular biology of Df(2R)vg TM, Df(2R)vg B, vg zgd'~, vg 83~27, vg ~w, 
and vg 12 are reported in Williams and Bell (1988) and Williams 
et al. (1990a), whereas the analysis of In(2R)vg w and its four 
revertant alleles (vg wnl-a) is described in Williams et al. (1990b). 
The vg nw and vg 12 alleles are associated with an exonic deletion 
( + 13 to + 16} and an exonic insertion ( + 2), respectively (for vg 
region coordinates, see Fig. 1). Df(2R)vg 136 (vg 136) has a deletion 
extending distally from coordinate + 17, but it also has an in- 
version of the +5 to + 17 interval. In(2R)vg w (vg w) is a domi- 
nant gain-of-function allele associated with an inversion ( + 1) 
linking vg to the invected gene (Williams et al. 1990b). The 
vg wn2-4 alleles are vg null derivatives of vg w, which have no vg 
locus alterations (other than the inversion break). Df(2R)vg ~ is a 
deletion that includes the entire vg locus (Williams and Bell 
1988). Oregon-R flies were used as wild type for all studies. 

DNA subcloning and sequencing 

Culturing and storage of bacteria or k phage, preparation of 
DNA, restriction analyses, plaque lifts, and plasmid subcloning 
were performed according to standard methodology (Maniatis et 
al. 1982). Genomic Drosophila DNA for Southern hybridiza- 
tions and the genomic library was prepared according to Ish- 
Horowitz et al. (1979) and repurified by spermine precipitation 
(Hoopes and McClure 1981). The D. virilis Sau3a library was 
prepared in k vector EMBL3 as in Williams and Bell (1988). All 
plasmid subclones were constructed in the Bluescribe plasmid 
vector (Vector Cloning Systems). Exonuclease III-generated di- 
rected deletions for DNA sequencing (Henikoff 1984) were 
made by utilizing the Erase-a-Base System (Promega). Double- 
stranded DNA sequencing was performed with 35S-labeled 
dATP (500 Ci/mmole; New England Nuclear) utilizing T7 DNA 

polymerase according to the manufacturer's instructions (Phar- 
macia). To resolve sequence compressions, some constructs 
were also sequenced with dITP substituted for dGTP. 

Sequencing strategies 

The sequence of the vg cDNAs and corresponding genomic in- 
tervals was generated as follows. The longest cDNA is 3.7 kb 
(cDNA1), containing two EcoRI fragments (0.5 and 3.2 kb). The 
nucleotide sequence of both EcoRI fragments was determined, 
utilizing relevant DNA subclones and exonuclease III-gener- 
ated, nested deletions. Single-stranded DNA sequence was gen- 
erated from the + 7 HincII site to the + 0.3 EcoRI site (see Fig. 
1). The sequence of both DNA strands was determined for the 
remainder of the cDNA EcoRI fragments. The eDNA sequence 
was compared with the genomic DNA sequence derived from 
relevant genomic subclones or exonuclease III-generated, nested 
deletions. Single- or double-stranded genomic DNA sequence, 
including all  exonic regions, was generated. This allowed all the 
exon-intron boundaries to be mapped (shown in Figs. 1 and 4). 
The splice junctions were also determined from three other in- 
dependent vg cDNAs (cDNAs 2, 3, and 4 from Williams et al. 
1990a). Genomic sequences distal to the + 16 BglII site were not 
sequenced. We believe that no small introns are contained in 
this region, because the cDNA restriction map is extensive and 
colinear with the genomic map (Fig. 1). The 3' end of the cDNA 
has been mapped previously into this region as well (Williams et 
al. 1990a). The FastA program was used to search a Swiss pro- 
tein library (version 18.0) and the tFasta program was used to 
search the GenBank (release 68.0) and EMBL (release 27.0) nu- 
cleotide sequence libraries for protein homology to vg. 

Filter hybridizations 

All gels for Southern hybridization analyses were blotted onto 
Genescreen Plus membranes using the capillary blot protocol 
recommended by the manufacturer (Dupont). Hybridization 
conditions for all plaque lifts and genomic Southern blots were 
as in Klessig and Berry (1983). High-stringency hybridizations 
were performed at 42~ reduced-stringency hybridizations, at 
37~ The initial wash conditions for the melt-off experiments 
were 0.1 x SSC, 0.1% SDS, at 45~ DNA probes were made 
from restriction fragments resolved on low-melt agarose gels 
and oligolabeled by the method of Feinberg and Vogelstein 
(1983). Probes for the melt-off experiments were generated by 
nick translation (Maniatis et al. 1982) of the relevant ~ clones. 

Cloning of the D. virilis vg locus 

Two overlapping K clones (V4 and V6), with homology to the D. 
melanogaster vg locus, were isolated from a D. virilis Sau3a 
genomic library (see above). Southern blots of restriction endo- 
nuclease digests of ~ V4 and V6 DNA were probed with various 
D. rnelanogaster genomic or cDNA restriction fragments. This 
allowed the homologous regions to be aligned and indicated that 
these clones contain vg region DNA corresponding to at least 
the - 1 to + 18 D. melanogaster interval (see Fig. 1). A radiola- 
beled restriction fragment from the D. virilis locus was hybrid- 
ized under conditions of high stringency to a Southern blot of 
EcoRI restriction-digested D. melanogaster and D. virilis geno- 
mic DNA. No homology was seen in the D. melanogaster lane, 
whereas a single band of the predicted size was detected in the 
D. virilis lane (data not shown). A D. virilis restriction fragment 
homologous to exon 4 was cloned, sequenced, and aligned with 
the D. melanogaster exon 4 sequence. Strong conservation of 
the protein product of this exon was observed (Fig. 5a). Collec- 
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tively, these results indicate that we have cloned the D. virilis 
vg locus and that this locus is single copy. The overall size and 
organization of the locus is similar in both species, whereas the 
colinearity of homologous regions indicates that no significant 
sequence rearrangement within the locus has occurred since 
these species diverged (data not shown). 

Identification of interspecifically conserved regions 

Southern blots of restriction endonuclease-digested D. melano- 
gaster plasmid DNA subclones, spanning the entire vg locus, 
were hybridized and washed under reduced stringency condi- 
tions to nick-translated D. virilis V4 and V6 ~, clones. The re- 
sultant blots were washed at increasing stringency lin incre- 
ments of 5 ~ ) until all of the probe was melted from the filter. 
The filters were autoradiographed after each wash to monitor 
the removal of the probe. The blots were then rehybridized and 
washed sequentially as above with a nick-translated full-length 
D. melanogaster eDNA (eDNA 1 in h GT10) and, finally, with 
a labeled EMBL3 ~, clone containing genomic DNA spanning the 
entire D. melanogaster vg locus (~, 64 from Williams and Bell 
1988). The results from the D. melanogaster eDNA and geno- 
mic DNA melt-offs allowed us to determine the melting point 
of homologous DNA hybrids, including the D. melanogaster 
exons alone or the entire restriction fragments, respectively. 
This will vary, as GC-rich regions show higher thermal stability 
than AT-rich regions. Interspecific hybridization Istrong or 
weak) was observed with restriction fragments from throughout 
the D. metanogaster locus. Most of this hybridization signal 
washed off at -10-20  ~ lower than the equivalent intraspecific 
DNA hybrids. These results are indicative of an average se- 
quence divergence of 10-20% {Bonner et al. 1973). However, 
some interspecific DNA hybrids denatured at higher tempera- 
tures, indicating patches of near perfect conservation within 
these fragments. This indicates that most of the vg locus con- 
tains some conserved sequences, as nonessential sequences are 
highly diverged between these species (Blackman and Meselson 
1986; Kassis et al. 1986). However, several strongly hybridizing 
regions were detected, indicating that some regions of the locus 
are extensively interspecifically conserved {shown in Fig. 1}. 

Antibody production 

Two vg eDNA3 (Williams et al. 1990a) fragments were cloned 
into the BamHI site of the T7 expression vector Pet3c lStudier 
et al. 1990). One is an in-frame fusion that expresses the car- 
boxy-terminal 328 amino acids of the vg ORF {vg-ll, whereas 
the second {vg-2) is a smaller fusion protein containing the car- 
boxy-terminal 179 amino acids (see Fig. 5). Both proteins con- 
tain the first 13 amino acids encoded in the vector. The recom- 
binant proteins were partially purified from insoluble inclusion 
bodies, and vg-1 protein was injected into rabbits {1 mg each} 
after emulsification with Freund's complete adjuvant and 
boosted at 2-week intervals with antigen emulsified with Fre- 
und's incomplete adjuvant. Antibodies were affinity purified by 
passage over either a vg-1 or a vg-2 antigen column and eluted 
with 4 M guanidine-HC1 in PBS. After extensive dialysis against 
PBS, the purified antibody was passed over an Escherichia coli- 
soluble protein column to remove cross-reactive and "sticky" 
antibodies. The flowthrough antibody was quantified by UV 
absorption and stored at 4~ after the addition of NaN,~ to 
0.02% (wt/voll. The vg antigen and E. coil-soluble protein col- 
umns were prepared by coupling the protein to Actigel resin, 
according to the manufacturer's instructions (Sterogenel. Anti- 
bodies purified on the vg-1 column gave much higher nonspe- 
cific background staining in embryos and imaginal discs than 

vg-2 affinity-purified antibodies. This is presumably due to the 
fact that the vg-1 protein contains several repetitive protein 
motifs li.e., homopolymeric glycine runs and two paired re- 
peatsl, and antibodies to epitopes in these regions may cross- 
react with other Drosophila proteins. All vg antibody staining 
reported here was performed with antibodies from a 6-month 
bleed that were affinity purified against a vg-2 column. 

Hi stochemistry 

Antibody staining of imaginal discs was performed as described 
previously (Skeath and Carroll 1991}. Briefly, dissected disc 
complexes were incubated with vg antibodies {0.5-1 ~g/ml), 
washed, and incubated with biotinylated goat anti-rabbit IgG 
tVector), washed, and incubated with fluorescein-conjugated 
streptavidin. Double-fluorescence labeling of imaginal discs 
from a nuclear-localized f~-galactosidase-expressing enhancer 
trap hne Lubiquitously staining in imaginal discs; N. Brown, 
pers. comm.) with anti-vg and anti-~-galactosidase antibodies 
confirmed that the vg protein is nuclear localized. For this dou- 
ble labeling with [3-galactosidase, a [3-galactosidase-specific 
monoclonal antibody (Boehringer Mannheiml was detected 
with rat anti-mouse IgG, followed by rhodamine-conlugated 
goat anti-rat IgG antibodies. Microscopy was on a Zeiss/IM35 
equipped with a Bio-Rad MRC600 Lasersharp Confocal system. 
Digoxygenin in situ hybridizations to embryos and discs were 
performed by modification of the procedure of Tautz and Pfiefle 
119891. The differences were that {1)the embryos were treated 
with proteinase K for 12 min; (2} after washing hybridized em- 
bryos twice for 20 min with PBS containing 0.1% Tween 20 
(vol/vol), two additional washes for 20-min at room tempera- 
ture with PBS containing 0.1% BSA, 2% Triton X-100, were 
included, and antibody incubations I1 hr) and washing were 
performed at room temperature in this buffer; (3) color devel- 
opment was allowed to proceed overnight for embryos; and t4) 
after stopping the color reaction, embryos were mounted for at 
least 1 hr in 50 mM Trisl8.81 10% glycerol, whereas discs were 
mounted in 50 mM Tris (8.8) 70% glycerol. Probes were prepared 
by oligolabeling {Feinberg and Vogelstein 1983) or polymerase 
chain reaction IPCR) runoff lsee below). Three vg eDNA frag- 
ments were used as probes. From 5' to 3', these were an EcoRI- 
HinclI untranslated leader containing probe (probe A); a coding 
region-specific fragment, corresponding to the vg-2 expression 
vector insert (probe B; see Fig. 5); an untranslated trailer-specific 
probe from the BglII site to the 3' end of eDNA1 (probe C; see 
Fig. 1 ). All three probes recognized identical expression patterns 
in embryos and imaginal discs idata not shown}. The same pat- 
tern was also recognized with strand-specific antisense probes 
generated by PCR runoff IFleming et al. 19901 of a probe A-con- 
taining construct idata not shown}. Thus, the reported expres- 
sion pattern is vg specific, as it is identified by an antisense 
probe and recognized by probes from the untranslated leader, 
coding region, and untranslated trailer. The embryonic expres- 
sion patterns shown in Figure 2 were from embryos hybridized 
with oligolabeled probe A, whereas the imaginal disc patterns in 
Figure 3 were identified with PCR runoff-generated antisense 
probe A. Microscopy was performed with bright-field optics us- 
ing a Zeiss Axiophot. 
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