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The patterning of the imaginal discs in Drosophila melanogaster is a progressive process 
that, like the patterning of the larval epidermis during embryogenesis, requires the activity 
of segment polarity genes. One segment polarity gene, wingless, encodes a homolog of 
the mouse proto-oncogene Wnt-1 and plays a prominent role in the patterning of the larval 
epidermis and the imaginal discs. However, whereas the function of winglessin the embryo 
is initially associated with a pattern of stripes along the anteroposterior axis that are part 
of a Cartesian coordinate system, it is shown here that during imaginal development 
wingless is associated with a pattern of sectors that provide references for a polar coor- 
dinate system homologous to that postulated in a well-known model for the regeneration 
of insect and vertebrate limbs. 

T h e  adult epidermis of Drosophila melano- 
gaster develops from specialized groups of 
cells, the imaginal discs. The cells that 
form the discs are set aside from the larval 
epidermis during embryogenesis (1, 2) ; they 
proliferate during larval life and differenti- 
ate during pupal metamorphosis. Early 
events in the patterning of the imaginal 
discs, such as the subdivision into anterior 
and posterior compartments as a result of 
the activity of the engrailed (en) gene, take 
place during embryogenesis (3, 4). In the 
embryo, the information necessary for pat- 
terning every segment is generated by the 
products of the segment polarity genes, 
which encode a group of proteins that 
mediate and implement cell interactions 
(5, 6). Spatial cues generated by the seg- 
ment polarity genes are also required for the 
formation of the imaginal precursors in the 
embryo; for example, no imaginal tissues 
can be recovered from embrvos mutant for 
the segment polarity gene wingless (wg) (7), 
and the expression of Distalless (D11) , which 
correlates with the specification of leg discs, 
is dependent on proper segment polarity 
gene expression (8). In addition, most seg- 
ment polarity genes are required during the 
development of the adult epidermis, sug- 
gesting that the segment polarity genes are 
also involved in pattern formation during 
imaginal development (9-1 4). 

A correlation between segment polarity 
gene expression and function during em- 
bryogenesis is slowly emerging (5, 6, 15). 
Attempts to establish similar correlations 
during the development of the adult epider- 
mis have focused on studies of segment " 
polarity gene expression in the third larval 
instar, when the imaginal discs are large 
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and accessible (11-14). However, if seg- 
ment polarity genes show dynamic patterns 
of expression during imaginal development, 
as they do during embryogenesis, the re- 
quirement for these genes might be related 
to patterns of expression in discs at stages 
earlier than the third larval instar. For 
example, the defects in the adult epidermis 
associated with the absence of wg function 
are not easv to reconcile with the Dattern of 
expression bf the wg gene in the th'ird-instar 
larval discs (13, 14) despite observations 
that wg behaves nonautonomously in 
clones and encodes a secreted product (10, 
16. 17). We show here that an understand- , , -  

ing of the role of the segment polarity genes 
in-the patterning of the adult epidermis 
requires studying patterns of expression and 
function of these genes at all stages of 
imaginal development. 

We now describe the expression of en and 
wg in the imaginal discs from the time the 
imaginal disc cells segregate from the larval 
e~idermis until the end of the third larval 
instar. To assess the significance of these 
patterns of expression, we have perturbed 
the function of the wg gene at different 
stages of imaginal development and have 
analyzed the effects of these perturbations on 
the pattern of the adult cuticle. 

Expression of en and wg in the primor- 
dia of the imaginal discs. When the germ 
band retracts one-third of the wav through " 

embryogenesis, epidermal cells undergo 
changes in shape that lead to alterations in 
the organization of the stripes of en and wg 
expression (Fig. 1, A and B). During this 
process, the cells that will give rise to the 
imaginal discs behave differently from the 
epidermal cells of the larva (I). In each leg 
disc primordium, the region that expresses 
wg changes from a stripe until it occupies a 
sector of the circular primordium (Fig. 1C). 

At about 12 hours of development, the 
primordial cells invaginate from the epider- 
mis and shortly afterward the discs can be 
identified in flat preparations as subepider- 
ma1 clusters of cells (1) (Figs. 1D and 2A) 
with characteristic patterns of wg and en 
expression. In each of the leg disc primor- 
dia, cells in the anterior half express wg; 
~osterior to them, there are about four or 
five cells that express en and several other 
cells that do not express either wg or en 
(Fig. ID). The wing and haltere discs arise 
from a region of the epidermis devoid of wg 
expression, and their cells also lack wg 
expression (Fig. 1). However, 10 to 13 cells 
in each posterior wing primordium and 6 to 
7 cells in the posterior haltere primordium 
express en (Fig. ID). 

We have followed the ex~ression of WF 
u 

and en in the imaginal discs during larval 
development by staining either directly for 
their gene products or for the expression of 
a lac2 gene regulated by the en or wg 
promoter so that lac2 expression mimics the 
endogenous patterns of en or wg expression 
(1 8. 19). The discs were identified bv their ~. . 
relative positions and morphological fea- 
tures until the third instar. The absence of 
fate maps for first- and second-instar discs 
has made it difficult to assess precisely the 
spatial localization of the patterns of expres- 
sion. Nonetheless, the anteroposterior 
(AP) axis was inferred from the ex~ression 
of en, which should remain associaied with 
the posterior region of the discs during 
development (4, 18, 20), and the presump- 
tive proximal end of each disc was deter- 
mined as the point through which the disc 
is attached to the larval epidermis. 

In first-instar larvae, the imaginal discs " 

are arranged with respect to the larval 
epidermis (2 1-23), much as they are in the 
embryo (1). During this period, wg. is ex- 
pressed in all of the leg discs in a region 
comparable to that seen in the embryo, that 
is, in part of the anterior portion of the disc 
(Fig. 2A). The wing and haltere discs, 
which appear as oval structures with a 
lumen and attachments to the tracheal 
system and the epidermis, were devoid of 
wg expression at this stage (Fig. 2E). 

During the second larval instar, the discs 
begin to change their shapes and positions 
relative to the larval epidermis (Fig. 1) to 
those characteristic of the third instar (22). 
At this time, the expression of wg in the leg 
discs (Fig. 2B) was similar to that of wg in 
the first-instar discs, whereas en was ex- 
pressed in cells located more posteriorly 
with reference to the AP axis of the animal. 
At the beginning of the second instar, wg 
expression was detected for the first time in 
the distal Dart of both the haltere and the 
wing discs. As these discs developed, wg 
expression occupied a quadrant of about 30 
cells within the distal region of the disc. 
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The position o f  these cells suggests that cells expressing en occupied an adjacent similar to that displayed by the leg discs 
they reside in the anterior part o f  the disc sector which filled almost half of the disc during early stages (Fig. 1C). Although the 
and abut those expressing en (Fig. 2F). The (Fig. 3B). This pattern of wg expression was lack of a fate map at this stage made it 

Fig. 1. Patterns of wg and en expression in the imaginal 
primordia during embryogenesis. The position of the third 
thoracic segment is indicated by a dot at the level of the ventral 
midline (37). Anterior is to the left and dorsal is up. (A) 
Epidermis of a wild-type embryo about 7 hours after egg laying 
(AEL). The blue staining reflects activity staining for p-galacto- 
sidase, which is expressed from the wingless promoter at the 
wg locus in the same pattern as the endogenous wg transcript. 
The brown nuclei reflect the location of en protein, which was 
localized with an antibody for en. Both the wgand the engenes 
are expressed in stripes, although at this stage each wg stripe 
has split at the level of the tracheal pits. (B) Epidermis of an 
embryo shortly after germ band retraction, about 11 hours AEL, 
stained as in (A). The initial striwe of wa is now clearlv s ~ l i t  into 
a ventral str~pe and a dorsal patch': It can be seen that. 
associated with the format~on of the lea discs (arrowheads), the 
stripes of wg expression acquire a character~stic shape in the 
thorax. The leg discs form at the edge of the ventral stripe of wg 
expression (8). (C) Epidermis of an embryo before the invagi- 
nation of the disc primordia, stained for p-galactosidase activ- 
ity, which reflects wg expression (blue). The cell outlines are I revealed with an antibody against spectrin (38). The expres- 
sion of wg is clearly different in the thorax and in the abdomen. 
The position of the third (last) thoracic segment is indicated by 
the dot. In the incipient leg discs (arrowheads), wg expression ~ 
is restricted to the anterior-ventral sector of the disc. Also, there 
is no expression in the primordia of the wing (w) and haltere (h) 1 discs. (D) The imaginal discs after invagination, stained as in 
(A) and (B). The plane of focus identifies the discs in the third 
thoracic segment. In the leg primordium (bracket), three kinds 
of cells can be identified, some express wg, others en, an 
some express neither. The arrowhead shows the expression o 
en in the haltere disc and the absence of wg expression in t 

expression with that of tke leg disc in (C). (G) Express/on of wg in the wing 
disc of a late second-instar wg-lacZl+ larva. The signal is present in a boundary. Notice the homology of this expression with that of wg in a late 
sector of the disc and appears to abut a region that lies around the AP leg disc that is shown in (D). 
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difficult to decide which structures within 
the anterior region of the disc expressed wg, 
a comparison with the fate map of older 
discs suggests that the wg expression might 
be associated with either the distal or the 
ventral-anterior presumptive region (24). 

In early third-instar larvae, except for a 
thin stalk, the leg discs appear completely 
detached from the epidermis. Their mor- 
phology, as well as the patterns of en and wg 
expression, were similar to those of the 
wing and haltere discs in the second instar 
(compare Fig. 2C with 2F and 3A with 3B). 
Because the overall shape of the leg discs 
remains constant during the third instar, it 
would appear that wg expression is restrict- 
ed to the presumptive ventral-anterior sec- 
tor of the disc (Fig. 2D). This expression 
pattern is consistent with the finding that 
this region tends to be deleted in wg mu- 
tants (see below). 

The wing and haltere imaginal discs of 
early third-instar larvae are similar to those 
of mature third instar, although they are 
smaller and lack the conspicuous foldings 
and grooves of third-instar discs (22). The 
pattern of en expression in these discs re- 
mained restricted to the posterior region 
during the third instar and has been de- 
scribed (25). In contrast, the expression of 
wg in the wing and haltere discs underwent 
a transition during the early third instar. 
Initially wg expression spread over the pre- 

Fig. 3. Expression of en during 
the early stages of imaginal 
disc development. Discs are 
orientated as in Fig. 2. (A) 
Third leg disc of an early third- 
instar larva (about 84 hours 
AEL) stained with anti-en. The 

sumptive distal region (Fig. 4A). As devel- 
opment proceeded, it occupied the whole 
presumptive distal wing region of the disc, 
where a stripe with high levels of wg expres- 
sion arose ~arallel to the minor axis of the 
disc, in the region that would later become 
the wing margin (Fig. 4B). In wing discs at 
late third instar, wg was only expressed in a 
few cells along the presumptive wing mar- 
gin, in a double ring around the distal 
region of the wing, and in the notal region 
over the position of the dorsocentral bristle 
precursors (Fig. 4C). 

A requirement for wg in the early 
patterning of imaginal discs. We studied 
the requirements for the wg product during 
the early development of imaginal discs 
with the use of a temperature-sensitive het- 
eroallelic combination, wg'L114/~gCX3. Het- 
eroqgous w$L1'4/wfX3 flies reared at 17°C 
emeree and show almost no mutant vheno- 

u 

type, except for variable loss of head struc- 
tures and the dorsocentral bristles. When 
these flies were reared at 25OC (the restric- 
tive temperature), they gave rise to adults 
that failed to emerge and had strong wg 
mutant phenotypes (Table 1). Offspring 
from the cross W & ~ " ~ / C ~ O  x w F X 3 / C y 0  
were collected at 17OC and shifted to 25°C 
at different stages of development. They 
were maintained at the restrictive temper- 
ature (25OC) either continuously (until the 
end of development) or for only 12 hours 

after which they were transferred back to 
17OC. The results of these temperature 
shifts (Table 1) are described as the pene- 
trance of wg phenotypes per disc (Fig. 5). 
Whereas every experiment yielded defec- 
tive disc derivatives, early exposure to 25OC 
for 12 hours [between 12 and 24 hours after 
egg laying (AEL)] and late exposure to 
25°C (from 72 hours AEL until the end of 
development) produced aberrations in the 
dorsoventral (DV) and proximodistal (PD) 
axes exclusively in legs. Only exposure to 
25OC during the second larval instar (48 to 

cells expressing en protein oc- 
cupy a large sector adjacent to 
the cells that express wg. This 
pattern of expression is similar 
to that present in wing discs from the second larval instar [compare with (B)]. (6) Wing disc of an 
en-lacZ+ second-instar larva stained with anti-p-galactosidase to reveal en expression. The 
expression of en occupies a sector that is bigger and adjacent to that of wg expression at the same 
stage, when the attachment of the trachea (arrowhead) provides a landmark to observe the relative 
position of the expression of these genes. 

Table 1. Penetrance of wingless mutant phenotypes in wg1L114/w@X3 flies exposed to the restrictive 
temperature (25°C) during different developmental times. The results are expressed as percentages 
of affected discs. Data are based on 30 flies or more, except as indicated. 

Affected discs (percent) 

Organ Continuous Exposure to 25°C at hours AEL 

1 7°C 25"C* 12-24 48-60 72-84 96-end 

Legs 5.3 85.5 71.7t 55.5 69.5$ 0.0 
Wings 0.0 76.7 0.0 63.3 0.0 0.0 
Halteres 4.2 90.0 0.0 95.0 0.1 0.0 
Adc bristles 39.2 100.0 36.7 31.3 32.7 88.1 

'This set of data (animals continuously raised at 25°C) is based on 15 flies. ?Of these legs, 40 percent are 
missing distal structures and 60 percent have duplications of distal structures. $The percentages for these 
wds are 20 and 80 percent, respectively. Adc: anterior dorsocentral (48). 

Fig. 4. Pattern of wgexpression in the wing disc 
during the third larval instar. Proximal is to the 
left and distal is to the right. (A) Wing disc of an 
early third-instar wg-lacZ+ larva stained with 
anti-p-galactosidase. At this stage the pattern 
of expression is spreading over the posterior 
compartment (the arrowheads point to the 
probable position of the AP boundaty). The 
expression in the notum and the stripe along 
the DV border begin to appear (arrows). (B) 
Wing disc of a mid-third-instar wg-lad?+ larva 
after developing the X-gal reaction. The stain- 
ing occupies the whole distal region and is 
present on the notum (empty arrow; arrowhead 
as above). The labeling in the wing seems more 
intense along the lines of the later pattern 
[compare with (C)]. (C) Wing disc of a late 
third-instar larva, about 120 hours, AEL stained 
with anti-wg. The pattern has evolved into two 
rings around the distal wing (arrows) and a 
thinner stripe along the wing margin (arrow- 
head) and across the notum (empty arrow) 
(44). 

486 SCIENCE VOL. 259 22 JANUARY 1993 



60 hours AEL) resulted in similar defects in 
legs, wings, and halteres. These data sug- 
gest that the requirement for wg in the 
development of distal structures in the wing 
and haltere discs is confined to the second 
instar. This conclusion is supported by the 
observation that animals exposed to the 
restrictive temperature for 12 hours at the 
beginning of the second instar showed a 
similar percentage of haltere and wing de- 
fects as animals continuously raised at the 
restrictive temperature. 

Although exposure to 25°C at any time 
from embryogenesis to mid-third instar 
(from 12 to 96 hours AEL) produced abnor- 
mal legs, the penetrance of the defects did 
not reach the maximum observed in flies 
raised continuouslv at 25°C. These results 
suggest that unlike the requirement for wg 
in the wings and the halteres, in the legs 
there is a continuous requirement for wg 
function from embryogenesis until mid- 
third instar. In the legs, the abnormalities 
of DV patterning resulting from exposure to 
25°C at 12 to 24 hours AEL were more 
frequently associated with a loss of distal 

parts, whereas after a late exposure to 25°C 
the legs contained perfectly distalized dupli- 
cations (legend of Table 1). Finally, expo- 
sure to 25°C from mid-third instar (about 
96 hours AEL) to the end of development 
resulted in maximal penetrance of the loss 
of dorsocentral bristles and of abnormalities 
in the abdomen in flies otherwise indistin- 
guishable from the controls. This late re- 
quirement for wg can be correlated with the 
pattern of wg expression in the wing discs of 
late third instar (Fig. 4); wingless is also 
required at this time for the patterning of 
the wing margin (26). 

The polar coordinate model during nor- 
mal development. Pattern formation in the 
epidermis of Dsosophila entails the genera- 
tion of positional information in a two- 
dimensional layer of cells and is thought to 
be the result of the organization of positional 
information within a Cartesian coordinate 
system. In such a system, the genes required 
for the generation of AP information are 
expressed in parallel stripes that are perpen- 
dicular to another set of stripes arranged 
along the DV axis (1.5). Whereas there is 

some idea about how this information is 
translated into a pattern in the embryo (1 5) ,  
little is known about how positional infor- 
mation is generated and registered in the 
imaginal discs in which, in addition to the 
AP and DV coordinates, there is also a 
coordinate along the PD axis. In a leg, for 
example, concentric rings in the correspond- 
ing imaginal disc give rise to different pat- 
tern elements along the PD axis such as the 
tarsus or the femur, whereas structures such 
as comuartments. with defined AP and DV 
coordinates, demarcate stripes along the 
length of the limb that can be mapped to 
sectors in the imaginal discs (24) (Fig. 6). 

Experiments on regeneration of limbs in 
amphibia and insects led to the suggestion 
that the patterning of appendages requires a 
system of circular and PD positional infor- 
mation. These conclusions form the basis of 
the polar coordinate model (27, 28), which 
provides a set of empirical rules that predict 
the behavior of limbs and imaginal discs 
during regeneration. These rules propose that 
each cell in a field is assigned a positional 
value and that when two disparate posi- 

Fig. 5 (left). Mutant wg phenotypes in the adult cuticle. (A) Thorax of a 
wg1/wP3fly. The heminotum (arrow) on the left is wild-type, whereas the 
one on the right shows the characteristic wg mutant phenotype. The distal 
derivatives of the wing disc (the wing itself) have been lost and the ventral 
pleura has been substituted by a mirror-image duplication of the dorsal 
notum. (6) Lateral view of a wg1/wgCX3 animal showing the dorso-ventral 
transformation; the mesothoracic pleura is substituted by a mirror-image 
duplication of the notum (arrowhead). (C) Thorax of a ~ g ~ ~ ~ ~ ~ / w s C ~ ~  
animal grown at 17"C, showing the phenotype of loss of dorsocentral 
bristles (arrows) in an otherwise wild-type notum [compare with the 
heminotum on the left in (A)]. (D) Mesothoracic legs of a wg1L114/w9"X3fly 
exposed to 25°C for 12 hours between 12 and 24 hours AEL during 
embryogenesis. The leg on the left has a wild-type phenotype, whereas 
the leg on the right shows the wg transformation. The distal-most elements 
of the leg have been lost (the fourth and fifth tarsi and the claws; the third 
tarsus is poorly differentiated, arrow) and the ventral structures are 
substituted by a mirror image of dorsal ones [the tibia1 apical bristle 
(empty arrow) is lost and the preapical one (arrowheads) is duplicated]. 
This phenotype is analogous to that of the notum shown in (A) and (B) 
(45). Fig. 6 (right). Diagrams of the development of positional infor- 
mation during the development of an imaginal disc. Dotted and shaded 
areas represent regions of wg and en expression, respectively. (A) After 

germ band retraction, the Cartesian coordinate system that character- 
izes the larval epidermis results in a parallel arrangement of the 
expression of wg and en, which provides information for the generation 
of the imaginal discs and, eventually, endows them with a basic system 
of references (7, 8). The arrows illustrate different cell interactions 
significant for patterning. The approximate position of the denticles in 
the cuticle is indicated and the circumference depicts the approximate 
position of an imaginal disc. (6) In the early disc, the AP and DV 
coordinates are integrated into an initial set of circular coordinates that 
demarcate sectors of the disc. We suggest that, as in the larval 
epidermis (5, 6, 15, 33), this initial set of interfaces leads to the 
generation of new positional values (arrows). Whereas the initial set of 
larval cell states expands within a sheet of epidermis, the expansion of 
imaginal states is constrained by the circular geometry of the disc. (C) 
The intercalation of new circular positional values, as suggested in (B), 
promotes more proliferation near the center of the disc and thus leads 
to distalization. New PD values are represented as contours within the 
disc that are likely to be reflected in the expression of genes like Dl1 (8) 
or esg (47). (D) Finally, the imaginal disc unfolds its conical shape 
during metamorphosis and differentiates the pattern elements of the 
adult limb. The more distal values arise from the center of the primor- 
dium and the more proximal from the periphery. 
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tional values are apposed (as a result of 
surgery or injury), the difference in position- 
al values will be smoothed out by the inter- 
calation of intervening values generated by 
proliferation. During regeneration the limb 
can reproduce the original complete set of 
positional values or it can generate mirror- 
image duplications of an incomplete set in 
accordance with the shortest intercalation 
rule (27). However, the generation of 
distal values is always dependent on the 
generation of circular positional values 
because (i) local regeneration of circular 
values can lead to distalization [the distal- 
ization rule (28)] and (ii) the distalization 
will be abnormal if a complete set of 
circular values is not regenerated. 

Although the visible wg mutant pheno- 
type is not a consequence of cell death and 
regeneration (29), it is reminiscent of the 
outcomes of regeneration experiments on 
insect and amphibian limbs. In leg and wing 
discs, wg mutations and the removal of wg 
activity during specific developmental peri- 
ods cause deletions of ventral structures and 
are variably associated with mirror-image 
duplications of dorsal structures and with 
deletions of distal pattern elements (14, 29, 
30) (Fig. 5 and Table 1). These defects 
result in apparently different phenotypes, 
which probably reflect the sensitivities of 
individual discs to hypomorphic conditions 
rather than different functions of the normal 
gene product. Thus, wg appears to partici- 
pate simultaneously in both the DV and PD 
organization of the imaginal discs. Although 
it is possible to find perturbations in DV 
patterning without perturbations of PD pat- 
terning, the converse has not been found. 
For this reason, we favor the idea that wg is 
required for some aspect of DV organization, 
which in the imaginal discs is integrated into 
a set of circular values; this requirement is a 
prerequisite for the establishment of the PD 
axis. Thus, the loss of wg function causes the 
failure to specify a complete set of circular 
values and therefore results in failures of 
distalization, as was observed for regenerat- 
ing limbs (27, 28). 

These observations imply that the rules 
of the polar coordinate model may apply to 
the normal development of the limbs and 
appendages in Drosophila. If, as our obser- 
vations suggest, the development of legs 
and wings is dependent on a system of 
circular coordinates, we would expect that 
the genes responsible for the circular posi- 
tional values would be expressed in sectors 
within each disc (Fig. 6). At the times that 
our temperature shift experiments indicate 
a requirement for wg for distalization, wg is 
expressed in a sector in the wing, haltere, 
and leg discs. We suggest that this sector 
represents a wedge of expression that is used 
to generate circular positional values in the 
disc (Fig. 6). 

This suggestion is further supported by an 
analysis of our results with reference to the 
polar coordinate model and the experiments 
that led to its formulation. The model pre- 
dicts that, in regenerating limbs with insuf- 
ficient circular positional values, distal struc- 
tures will not be produced (27, 28). We find 
that removal of wg function from the leg 
discs early in development, when we postu- 
late that there are few circular values. leads 
frequently to deficiencies in distal structures. 
However. removal of WP function later in 

.J 

development, when presumably more circu- 
lar values are present, leads preferentially to 
duplications of distal structures (legend to 
Table I), a result also predicted by the polar 
coordinate model (28). 

Our suggestion about the principles that 
pattern imaginal discs differ significantly 
from a previous one in which intersections 
of AP and DV coordinates during imaginal 
development yield a series of circumferen- 
tial values that provide the information 
necessary to generate PD values by interca- 
lation (31, 32). From patterns of gene 
exoression in discs of third-instar larvae. it 
was suggested that the expression of wg 
provides the DV coordinate and the expres- 
sion of decapentaplegic (dpp) along the AP 
compartment boundary provides the AP 
Qne (32). Whereas our results indicate that 
wg is involved in the process of distaliza- 
tion. thev show that at the time it is 
required for this process, wg is expressed in 
an anterior-ventral wedgelike Dattern and - 
that it probably acts through the provision 
of circular positional values rather than 
through a contribution to a Cartesian coor- 
dinate system. A study of the pattern of 
expression and -requirement for dpp in 
young discs should elucidate its precise 
function in this Drocess. 

The causal relation between circular pat- 
terning and distalization during regeneration 
is explained in the polar coordinate model. 
In the model, spatial constraints generated 
during wound healing (28) force cells with 
new circular values into a different config- 
uration that can initiate a new PD coordi- 
nate. We observe sectorial patterns of gene 
expression during normal development that 
are required for the formation of distal struc- 
tures. If these ex~ression Datterns are related 
to the generation of circular values, these 
sets of values will be necessarilv smaller or 
more compressed toward the center of the 
disc, where circular perimeters are shorter 
than they are near the periphery. Thus, 
more circular intercalation of positional val- 
ues will occur near the center of the disc. 
and hence the central region might grow 
faster than the periphery. The geometrical 
properties of a circular field dictate that this 
kind of growth will form a cone or a series of 
concentric folds. We propose that sectorial 
patterns of gene expression, which are pri- 

marily required for circular patterning, could 
also trigger distalization through this mech- 
anism (Fig. 6). This would explain the 
consistent relations between the two pat- 
terning processes in different experiments 
and in different organisms such as insects, 
amphibians, and birds (28). 

The function of wg during imaginal 
development. The generation of circular 
values mediated by wg during imaginal de- 
velopment is reminiscent of its function 
during embryogenesis when it is essential for 
the establishment of positional values in the 
AP axis. In this process, it is not wg alone 
but its interaction with the neighboring 
en-expressing cells that generates positional 
values, as a result of the secreted nature of 
the wg protein (5, 6, 15, 33). Perhaps the 
same mechanism operates during imaginal 
development. In this case, the expression 
pattern of en within discs should not be 
considered a stripe but instead a sector that 
would contain and generate values in the 
manner predicted by the polar coordinate 
model. It is relevant in this context that the 
ability of proximal fragments of wing imagi- 
nal discs to regenerate distal structures de- 
pends strictly on the presence of both the 
sector in which wg is expressed in the second 
instar and the AP compartment border, that 
is, the interface in which the en and wg 
sectors are apposed (34). 

The wg function related to circular pat- 
terning and distalization appears to have 
different temporal regulation in the wing and 
haltere discs when compared with the leg 
discs. Whereas wg function for distalization 
in the wing and the haltere is restricted to 
the second larval instar, in the leg discs wg is 
required continuously. Although at present 
there is no explanation for this, it appears to 
correlate with the fact that. in the embrvos 
of most arthropods, the de;dlopment.of leg 
~rimordia is initiated vew earlv and com- 
plete legs are already present at hatching. In 
contrast, during the development of hemi- 
metabolous insects, the wings arise from a 
small stump on the dorsal thorax during the 
last larval molts. It is likely that in the 
evolution of holometabolous insects, this 
relative timine has been conserved. Thus. 
the wings e&erge from what is probabl; 
notal tissue durine the second larval instar in " 
a delayed process of distalization, which is 
otherwise homologous to the emergence of 
the legs from the larval epidermis in the 
embryo. 

Embryos develop initially as two-dimen- 
sional sheets of cells, and limbs arise from 
this sheet through a third coordinate, the 
PD. We suggest that, as a general rule, the 
generation of this coordinate requires the 
integration of the AP and DV axes into a 
set of circular values and that, in Drosoph- 
ila, this step is dependent on the activity of 
wg. Furthermore, our results show that, in 
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Drosophila, the genes that establish these 
circular values are expressed in sectors of 
limb primordia and thus provide a molecular 
basis for the polar coordinate model. It is 
possible that our observations can be extend- 
ed to the develooment of limbs in other 
organisms. For example, the early pattern of 
expression of the Wnt-5 gene during mouse 
limb development (35) is consistent with 
the wedge shape that we describe here for wg 
in the developing imaginal discs of Drosoph- 
ila. Furthermore, En-I and other homeobox- 
containing genes are expressed in developing 
limb buds (36). The early patterns of expres- 
sion of the homeobox-containing genes are 
also reminiscent of the sectors described 
above for WP and en. Whether these Datterns 

.J 

of gene expression can also be related to the 
rules postulated in the polar coordinate mod- 
el and, in this manner, to their function 
during the patterning of the limbs remains to 
be seen. 
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