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ABSTRACT  Thorax closure in Drosophila is a process during adult morphogenesis in which the 
anterior ends of the presumptive notum of the two wing imaginal discs fuse to make a seamless 
thorax. Similar to dorsal closure during embryogenesis, this process is regulated by Decapenta-
plegic and JNK signaling pathways. Despite the fact that Peripodial Membrane (PM) cells do not 
contribute to the formation of any adult structure, they are known to facilitate the process of thorax 
closure. Here we show that JNK signaling is activated only in a subset of PM cells, known as me-
dial edge cells. While the mechanism that activates JNK signaling specifically in the medial edge 
cells of the PM is still not understood, the results presented here show that the pair rule gene odd 
skipped is required to ensure that JNK signaling is not activated anywhere else in the wing disc. 
Medial edge cells of the PM are elongated in shape, while the remaining PM cells are hexagonal. 
Down regulation of JNK signaling in the medial edge cells results in defective thorax closure in 
adult flies. It also causes the transformation of the morphology of medial edge cells into hexagonal 
shape. Conversely, activation of JNK signaling in hexagonal cells of the PM causes transformation 
of their morphology to elongated shape. Thus, similar to dorsal closure during embryogenesis, JNK-
mediated elongation of medial edge cells is functionally correlated to the process of thorax closure. 
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Introduction

Epithelia are integral components of tissues and organs in all 
metazoa. During development, epithelial sheets undergo various 
types of morphogenesis in which, cells, either individually or in 
groups, follow a coordinated pattern of division, constriction, 
elongation and/or migration. These distinct, but, general cell be-
haviors underlie the assembly of majority of organs and tissues 
in multicellular organisms. In some normal and pathological cir-
cumstances (metastasis), epithelial cells can undergo a transition 
towards a mesenchymal invasive state. 

Thorax closure is an important event during adult morphoge-
nesis in Drosophila and is analogous to embryonic dorsal clo-
sure (Fristrom and Fristrom, 1993). While the two wing imaginal 
discs (which give rise to both the wing proper and the notum) 
develop and differentiate independently, during metamorphosis, 
the thoracic tissues fuse to make one seamless T2 thorax. Each 
wing imaginal disc is made up of a columnar epithelium or disc 
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proper (DP) that will give rise to most of the adult structures, and 
a squamous peripodial epithelium or peripodial membrane (PM), 
which contributes very little to adult tissues. During metamor-
phosis, cells of PM may play an active role through the dramatic 
change of their shape, either by intensive stretching or contraction 
(Fristrom and Fristrom, 1993, Milner et al., 1984). Earlier reports 
have established a signaling role for PM in patterning DP during 
wing morphogenesis (Cho et al., 2000; Gibson and Schubiger, 
2000; Gibson et al., 2002; Pallavi and Shashidhara, 2003, 2005; 
Pastor-pareja et al., 2004). 

During thorax closure, the leading edge cells of the two imaginal 
-

ments by dramatically changing their shape (either contraction or 
stretching) and move over the substratum till the opposing sides 
of the two discs meet (Martin-Blanco et al., 2000). They then 
fuse in the antero-dorsal midline forming a seamless joint to form 
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one contiguous T2 thorax. Similar to dorsal 
closure, thorax closure is also characterized 
by prominent actin organization at the midline 
of fusion (Zeitlinger and Bohmann, 1999). The 
entire process is mediated by changes in cell 
shape and there is no cell proliferation or cell 
recruitment. With a network of several mole-
cules involved, the process of thorax closure 
in Drosophila provides a good genetic model 
system for the analysis of the mechanisms 
involved in coordinating epithelial sheet sprea-
ding and cell recognition during wound healing 
and development (Martin-Blanco et al., 2000; 
Agnes et al., 1999).

Earlier reports from one of our labs (SN) 
have shown that JNK pathway is involved in 
thorax closure (Agnes et al., 1999; Noselli and 
Agnes, 1999). JNK signaling plays an essential 
role in the process of thorax closure by media-
ting disc morphogenesis, spreading, and cell 
fate determination (Agnes et al., 1999). Flies 
mutant in JNK signaling fail in the process of 
thorax closure giving rise to adults with thorax 
cleft phenotypes (Agnes et al., 1999; Noselli 
and Agnes, 1999; Zeitlinger and Bohmann, 
1999; Martin-Blanco et al., 2000; Suzanne et 
al., 2001; Tateno et al., 2000; Ishimaru et al., 
2004). JNK signaling is an intracellular relay 
pathway regulating fundamental biological 
events such as proliferation, differentiation, 
morphogenesis and apoptosis in response 
to numerous inputs (Davis, 2000; Chang and 
Karin, 2001; Weston and Davis, 2002). JNK 

Fig. 1. Differences in protein expression 
patterns and cell shape between anterior 
and posterior peripodial membrane (PM) 
cells. (A,B) Wildtype wing imaginal disc 

Fig. 2. odd-GAL4 and 
odd-lacZ are specific to 
elongated medial edge 
cells of the peripodial 
membrane of the wing 
disc. (A) odd-GAL4/UAS-
GFP; ap-lacZ wing discs 
stained for -galactosidase 
(red) and GFP (green). (B)
A part of the disc in (A) at 
higher magnification. Note 
that odd-GAL4 and ap-lacZ 
expressions do not overlap 
in any part of the wing 
disc, an indication that 
odd-GAL4 is PM-specific. 
(C) Odd-GAL4/UAS-nuclear 
lacZ wing disc stained for 

-galactosidase (green) 
and Ubx (red). Note, while 

both expressed in PM, the two proteins are expressed in two different spatial domains. odd-GAL4 is expressed in the anterior compartment and Ubx 
in the posterior compartment. (D) A part of the disc in (C) at higher magnification. (E) Odd-GAL4/UAS-FLP; Act5C>stop>lacZ wing discs showing a 
representative clone generated as part of lineage analysis of odd-GAL4. This clone and all other clones (n=10) were PM-specific. (F) Odd-lacZ wing 
imaginal disc stained for -galactosidase. (G,H) Higher magnification images of odd-lacZ wing discs stained for -galactosidase (red) and Arm (green). 
(G) Region near the notum and (H) near the pouch. All three images show that odd-lacZ expression, similar to odd-GAL4, is PM-specific.

stained for Armadillo (Arm). Arm is localized to the intracellular surface of adherens junctions and 
thus, marks the outline of epithelial cells. Note long elongated cells in (A) and large hexagonal 
cells in (B) (arrows), which represent anterior and posterior compartments of PM, respectively. 
Small hexagonal cells in both (A,B) are disc proper cells. (C) Schematic figure to show the orga-
nization of disc proper (DP) and PM cells. DP cells are shown in grey as small hexagonal cells. 
Overlaying these cells are large PM cells. The anterior cells in the PM are elongated (red) and 
the posterior ones are hexagonal (blue). In this figure and in all subsequent figures wing imaginal 
discs are shown with anterior to the left and the posterior to the right. 
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is necessary to maintain the adhesion of the imaginal leading 
edge cells to their larval substrate and to promote actin dynamics 
(Martin-Blanco et al., 2000). JNK signaling in conjunction with 
the AP-1 activity is not only involved in thorax closure, but more 
generally in the assembly and morphogenesis of imaginal discs 
(Zeitlinger and Bohmann, 1999).

At the core of the JNK cascade are the stress-activated kinases 
JNKK and JNK (Ip and Davis, 1998), the Drosophila homologues 
of which are encoded by hemipterous (hep) and basket (bsk), 
respectively. Hep phosphorylates and thereby activates Bsk, 
which in turn activates DJun/Fos by phosphorylation (Glise et 
al., 1995; Riesgo-Escovar et al., 1996; Sluss et al., 1996). Fine-
tuning of the JNK signaling is maintained by puckered (puc), a 

bsk by a feed 
back mechanism (Martin-Blanco et al., 1998). Puc not only acts 
as a buffer by stabilizing JNK activity at a medium level but also 
helps in repressing JNK activity when it is no longer required 
(Zeitlinger and Bohmann, 1999). Thus, Puc is a reliable marker 
to trace spatio-temporal regulation of JNK activity.

Here we have explored the link between JNK signaling and 
PM in the process of thorax closure. JNK signaling is active only 
in a subset of PM cells, known as medial edge cells, located in 
its anterior compartment. We show that this spatially restricted 
activity of JNK signaling plays an important role in determining 
elongated shape of medial edge cells and in regulating thorax 
closure. Our data support a role for the pair rule gene odd-skipped 
(odd) in keeping JNK signaling off from all cells of the wing disc 
including the medial edge cells of the PM. A hitherto unknown 
mechanism overrides this negative regulation of Odd in the me-
dial edge cells, thus restricting JNK activity to only those cells. 

odd-GAL4 expression in the peripodial membrane
We have previously reported that odd-GAL4 expression in the 

odd-
GAL4 expression does not overlap with ap
providing evidence that odd
Detailed analysis of its expression suggested that odd-GAL4 is 
expressed strongly in the anterior medial edge cells and in few 
cells in the posterior notum. Its expression does not overlap with 
Ubx expression, which is expressed in the posterior cells of the 
PM (Fig. 2 C,D). Extensive lineage analysis experiments also 
suggested that odd-GAL4 is expressed strongly in the anterior PM 
cells (Fig. 2E). Another independent enhancer-trap line odd-lacZ 
was also found to be expressing in the medial edge cells and in 
few cells in the posterior notum (Fig. 2F), but not expressed in 
hexagonal posterior cells or the pouch cells (Fig. 2 G,H). 

We examined the expression pattern of Odd using antibodies 
against the protein, which faithfully reproduces pair rule expression 
pattern in the embryos (Kosman et al., 1998; Fig. 3A). Though 
odd-Gal4 expression was restricted to the PM, interestingly, 
endogenous Odd is expressed in all cells of the wing disc (Fig. 
3B). This suggests that odd-GAL4 is a mere enhancer-trap that 
captures a subset of Odd expression pattern.

Loss of odd leads to thoracic defects
Above observations suggested that although Odd is expressed 

in all cells of the wing discs, it has an enhancer, which is PM-
odd has 

system to study the role of Odd in wing disc morphogenesis. 

Fig. 3. RNAi-mediated knock-down of Odd. (A,B) 
Wildtype embryo (A) and wingdisc (B) stained 
for Odd using anti-Odd antibodies. While Odd is 
expressed in odd-numbered parasegments in the 
embryo, it is expressed in almost all cells of both 
PM and DP in wing discs. (C) Pnr-GAL4/UAS-lacZ 
wing disc stained for -galactosidase showing the 
expression pattern of the GAL4 driver. (D) Pnr-GAL4/
UAS-oddRNAi wing disc stained for Odd using anti-
Odd antibodies. (E) Da-GAL4/UAS-lacZ wing disc 
stained for -galactosidase showing the expression 
pattern of the GAL4 driver. (F) Da-GAL4/UAS-oddRNAi 
wing disc stained for Odd using anti-Odd antibodies. Note, RNAi-mediated knock-down of Odd expression in D 
(asterisks) and F (the entire disc) in the regions where RNAi expression is driven.

Results

We had earlier reported that 
the PM of the wing disc is divi-
ded into three spatial domains 
based on the expression patterns 
of various genes. A posterior 
domain that expresses the Hox 
gene Ultrabithorax (Ubx) and the 
segment polarity gene engrailed 
(en), an A/P boundary which is a 
narrow stripe of decapentaplegic 
(dpp)-expressing cells and an 
anterior domain that does not ex-
press any of these genes (Pallavi 
and Shashidhara, 2005). Anterior 
cells of the PM are more elonga-
ted (Fig. 1A). As these cells make 

wing disc, they are generally 
referred to as medial edge cells. 
The majority of Ubx-expressing 
posterior cells in the centre of 
the wing pouch are hexagonal 

the organization of PM and DP 
and the two major types of cells 
are shown in Fig. 1C.
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emerged showed thorax defects with one side of the thorax either 
completely deformed or absent (Fig. 4C). Although no lethality 
was associated with pnr-GAL4 driven down regulation of odd, 
mild thoracic closure defects were observed (Fig. 4D). Down 
regulation of Odd only in the PM or DP using GAL4 drivers that 

Ubx-GAL4, odd-GAL4, puc-
MS1096-GAL4) did not cause any 

thorax phenotype (data not shown). It is, therefore, likely that 
down regulation of Odd in both the medial edge cells and the 
presumptive notum of PM and DP appears to be essential to 
induce defective thorax phenotypes since it is these cells that 
play a role in the thorax formation.

Fig. 4. Down regulation of odd expression 
causes defective thorax closure. (A-D)Wild-
type (A), da-GAL4/UAS-oddRNAi (B), en-GAL4/
UAS-oddRNAi (C) and pnr-GAL4/UAS-oddRNAi (D) 
adult flies. Note severe (with da and en-GAL4 
drivers) to mild (with pnr-GAL4 driver) pheno-
types associated with UAS-oddRNAi-mediated 
knockdown of odd expression (n>25). Images 
in (A’-D’) show scanning electronic microscope 
images of the phenotypes corresponding to 
the genotype (A-D), respectively.

Fig. 5. Effect on Puc expression 
and adult phenotype by down 
regulation or ectopic activation 
of JNK signaling in the medial 
edge cells and posterior domain 
of wing disc, respectively. (A,B) 
puc-lacZ (A) and odd-GAL4/UAS-
GFP; puc-lacZ (B) wing imaginal 
discs stained for -galactosidase (B 
is also stained for GFP). Similar to 
odd-GAL4 driver, puc-lacZ is mainly 
expressed in the medial edge cells. 
(C,D) Ubx-GAL4/puc-lacZ; UAS-
Bskwt (C) and odd-GAL4/puc-lacZ; 
UAS-bskDN (D) wing imaginal discs 
stained for -galactosidase. Note 
up-regulation of puc-lacZ levels 
when JNK activity is ectopically 
activated in posterior cells of PM 
and its down regulation when JNK 
activity is down regulated in medial 
edge cells (n>30). (E-G) Wildtype 
(E) odd-GAL4/puc-lacZ; UAS-bskDN 
(F) and odd-GAL4/puc-lacZ; UAS-
Puc (G) adult flies showing defects 
in thorax closure (n>30). 

We observed down regulation of Odd 
oddRNAi 

expression was induced (Fig. 3 D,F).
First we examined what happens 

knocked-down. RNAi-mediated knock 
down of Odd in PM using odd-GAL4 did 
not cause any cellular or adult thoracic 
phenotype. We then examined the 
effect of down regulation of Odd using 
a variety of GAL4 drivers. Amongst 
the several GAL4 drivers tried, thorax 
closure defects were observed when odd is knocked down by 
driving the expression of oddRNAi with da-GAL4, en-GAL4 
and pnr-Gal4 drivers (Fig. 4 B-D). da-GAL4 is expressed in all 
the cells of PM and DP (Fig. 3C), while pnr-GAL4 is expressed 
in the presumptive notum and in a small number of PM cells 
overlaying notum (Fig. 3E). en-GAL4 is also expressed in both 
PM and DP, although only in the posterior cells (Pallavi and 
Shashidhara, 2003, 2005). Knock down of Odd with da-GAL4 
resulted in more than 70 % pupal lethality. Both surviving adults 
and lethal pupae showed strong thorax closure defects (Fig. 
4B). Loss of Odd driven with en-Gal4 resulted in only 10% pupal 
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Down regulation of JNK signaling in medial edge cells is 

JNK activity is necessary to maintain the adhesion of medial 
edge cells of the wing imaginal disc to their larval substrate and to 
promote actin dynamics (Martin-Blanco et al., 2000). puc, a rea-
dout of JNK signaling, is expressed exclusively in the medial edge 
cells of the PM (Agnes et al., 1999; Martin-Blanco et al., 2000). 
In mature third instar larvae, the expression of puc-lacZ is very 
prominent in the stalk region (where the imaginal discs connect 
to the larval epidermis) and in the anterior cells of the PM (Fig. 
5A, also see below). Thus, puc-lacZ expression pattern correlates 
to the activity of JNK pathway in PM cells, and thus serves as a 
marker for JNK activity. 

As one would observe, puc-lacZ and odd-GAL4 expression 
patterns overlap (Fig. 5B), while Ubx-GAL4 driver does not overlap 
with either of the two. The expression patterns of odd
to the anterior medial edge cells) and Ubx
posterior hexagonal cells) are, therefore, ideal to carry out certain 
experiments related to understanding the role of JNK pathway in 
thorax closure. 

Ectopic expression of the positive regulators of JNK pathway 
such as Bsk in the posterior compartment of PM using Ubx-GAL4 
driver leads to enhanced activation of puc in the posterior domain 
(Fig. 5C). This suggests that the absence of expression of puc in 
posterior PM cells is not due to its direct repression, rather it is due 
to the absence of any JNK activity. Conversely over expression of 

DN 
driven by odd-GAL4 in the JNK active anterior cells down regula-
ted puc
thorax closure (Fig. 5 F-G), suggesting that JNK signaling indeed 
has a role to play in the medial edge cells to regulate the process 
of thorax closure. 

Interestingly, while downregulation of JNK activity in medial 
edge cells affected both puc expression and thorax closure, 
over-expression of Bsk in the posterior PM cells using Ubx-GAL4 

driver was only associated with increased Puc activity and no adult 
phenotype was observed. This suggests that the involvement of 
PM in adult morphogenesis is restricted to elongated medial edge 
cells of the anterior compartment. 

Spatial regulation of JNK activity
As the function of JNK signaling in the medial edge cells is 

important for thorax closure, we investigated what restricts JNK 

regulates JNK activity in non-medial edge cells of the PM. We 

However, no change in puc levels were observed (data not shown), 

-
notype in adult T2. 

We further examined the effect of down regulation of Odd on puc 
oddRNAi–mediated down regulation of odd with all 

the GAL4 drivers tested showed up-regulation of puc-lacZ in both 
PM and DP cells, suggesting that Odd may function to down-regulate 
JNK pathway. Activation of puc-lacZ in the entire wing disc was 
seen with da-GAL4 (Fig. 6B), while it was ectopically activated in 
the posterior domain and in the notum when odd was down regu-
lated with the help of en-GAL4 (Fig. 6C) and pnr-GAL4 (Fig. 6D), 
respectively. We also tested the effect of down-regulation of Odd 

MS1096-GAL4 (Fig. 6E). Strong 
activation of puc was seen in the dorsal pouch when expression 
of oddRNAi was driven using MS1096-GAL4 (Fig. 6F). 

Activation of puc-lacZ caused by the down regulation of odd 
provides evidence that Odd negatively regulates JNK pathway in 
all regions of the wing disc, be in PM or DP. However, it was not 
clear if Odd regulates puc directly or by interaction with the JNK 
components upstream of puc. We investigated this by employing 
an epistasis genetic experiment, wherein both odd and bsk activi-

Fig. 6. Down regulation of odd causes ecto-
pic activation of puc expression. All the discs 
in this figure are stained for -galactosidase. 
(A) puc-lacZ wing imaginal disc. (B-D) da-GAL4/
puc-lacZ; UAS-oddRNAi (B), en-GAL4/puc-lacZ; 
UAS-oddRNAi (C) and pnr-GAL4/puc-lacZ; UAS-
oddRNAi (D) wing imaginal discs. Note up regu-
lation and ectopic activation of puc-lacZ levels 
in all imaginal discs (n>20). Adult flies of these 
genotypes show thorax closure defects (see 
Fig. 6). (E) MS1096-GAL4/UAS-GFP wingdisc. 
MS1096-GAL4 driver is expressed only in the 
dorsal pouch of the DP. (F) MS1096-GAL4/puc-
lacZ; UAS-oddRNAi wingdisc. Note up regulation 
of puc expression levels in the dorsal pouch. 
(G,H) pnr-GAL4/puc-lacZ; UAS-bskDN (G) and 
pnr-GAL4/puc-lacZ; UAS-bskDN/UAS-oddRNAi 
(H) wing imaginal discs. Note complete down 
regulation of puc-lacZ levels in (G) and partial 
down regulation in H (compare G with A and 
D; n>20).
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ties were down regulated simultaneously. As mentioned earlier, 
bskDN mediated down regulation of Bsk activity causes 

reduction in puc-lacZ levels (Fig. 5D, 6G). When the expression 
oddRNAi bskDN was driven by pnr-GAL4, 

puc-lacZ expression was below the wildtype levels (Fig. 6H). This 
oddRNAi-mediated 

down regulation of Odd causes notable upregulation of puc-lacZ 
levels. This suggests that loss of odd leads to activation of JNK 
pathway upstream of Bsk. 

However, this poses a paradox as to why down regulation of 
Odd (Fig. 4 B-D) causes the same phenotype as down regulation 
of JNK pathway (Fig. 5 F,G). It is likely that both down regulation 
and ectopic activation of JNK pathway leads to uncoordinated 
movement of fusing anterior edge cells of the wing discs causing 
thoracic closure, which is further discussed below. Nevertheless, 
the results presented here suggest a negative role for Odd in 

in the medial edge cells of the PM is not yet understood, the 
results presented here show that Odd is required to ensure that 
JNK signaling is not activated anywhere else in the wing disc.

Morphology of medial edge cells is correlated with their 
function

Finally, we examined if the elongated shape of medial edge 
cells is correlated to the process of thorax closure. If so, this 
would be comparable with the observation that the leading edge 
cells involved in dorsal closure during embryogenesis are more 
elongated in shape. 

Over expression of the negative components of JNK such as 
dominant negative Bsk in the JNK active anterior cells transformed 
the elongated anterior cells (Fig. 7A) into more broad hexagonal 
cells (Fig. 7B). Not only cells were hexagonal in shape, they 
appeared to be wider. Conversely, over-expression of wildtype 
Bsk in the posterior compartment of the wing disc driven by 
Ubx-GAL4 transformed the otherwise hexagonal cells in the 
pouch (Fig. 7C) into elongated cells (Fig. 7D). The phenotype 
caused by the over-expression of Bsk was not as dramatic as 
its loss of function in medial edge cells. The cells were mostly 
hexagonal, although little stretched giving the impression of 

hexagonal posterior cells did not affect their shape (Fig. 7E), 

on their elongated shape (Fig. 7G). These observations again 
suggest requirement of JNK activity per se to determine elonga-
ted shape of PM cells. It is probable that the actin cytoskeletal 
network that generates necessary force for the cells to stretch 
and fuse with opposing cells is already (in the third instar larval 

this organization is dependent on JNK activity. 
edge cells of the PM is restricted to bring opposing wing discs along 
the anterior-dorsal edges and thereby bringing underlying DP cells 
for fusion. By functioning from medial edge cells of the PM, JNK 
signaling may provide the guidance cues for proper fusion rather 
than directly involving in the fusion of DP cells. 

The present work also suggests a role of odd in regulating JNK 
signaling for the formation of intact thorax during morphogenesis. 

odd probably down 
-

Fig. 7. Morphology of medial edge cells is dependent on JNK activity. 
(A,B) Wildtype (A) and odd-GAL4/UAS-nuclear lacZ; UAS-bskDN (B) wing 
discs stained for -galactosidase (red) and Arm (green). (A’ ,B’ ) Images in 
(A,B), respectively in single channel to highlight the cell morphology. Note 
transformation of elongated medial edge cells (arrow in A, A’) to hexagonal 
shape (arrow in B, B’; n>20). (C,D) Wildtype (C) and Ubx-GAL4/ UAS-Bskwt (D) 
wing discs stained for Arm. Note transformation of hexagonal posterior cells 
(arrow in C) to elongated shape (arrow in D; n>20). Sketches next to (A’, B’ C 
and D) show artist’s impression of the phenotypes. These sketches, however, 
are not true representations. (E) hsFLP; P[FRT]Ubx1 wing discs stained for 
Ubx (green) and Arm (red) showing a representative clone of Ubx- cells in 
PM (arrows). (E’) A part of the disc in (E) at higher magnification. Note that 
the morphology of Ubx- cells is unaltered (n=5). (F) Tubulin-GAL80ts odd-GAL4/
UAS-nuclear lacZ; UAS-Ubx wing disc (from larvae grown at 18 oC for 3 days 
and then shifted to 27 oC until the wandering stage) stained for -galactosidase 
(blue), Ubx (red) and Arm (green). Note that over-expression of Ubx has no 
effect on the morphology of medial edge cells (n=10). 

Discussion

Results reported here suggest that JNK pathway may have a 
cell autonomous activity in the medial edge cells of the PM. It is 
likely that the morphology and functions of medial edge cells are 
regulated by the JNK pathway, which is similar to the role of JNK 
signaling in leading edge cells of the embryo during dorsal closure. 
However, there is a major difference in the two. The role of medial 
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nism overrides this effect such that the pathway is activated only 
in the medial edge cells and thus ensures normal thorax closure. 
Loss of odd function results in hyper activation of JNK, which is 
indicated by increased puc-lacZ oddRNAi 
was expressed in puc-lacZ background (to monitor puc expression 
levels), we observed increased levels of pupal lethality with da-, 
en- and pnr

oddRNAi was expressed with da- and en-GAL4 drivers. 
puc-lacZ is heterozygous for puc and increase in puc-lacZ is an 
indication of negative feedback regulation. Therefore, enhance-
ment in the phenotype in puc heterozygous background (puc-lacZ) 

There is a possibility that Odd suppresses puc expression, which 
then implies that the knock down of the former should activate the 
latter. If so, we expect that JNK signaling would be down-regulated 
rather than up-regulated as we have proposed here. In such a sce-
nario, we expect thorax closure phenotype when Odd is knocked 
down using odd-GAL4 driver similar to the phenotype caused by 
the expression of dominant negative Bsk using the same GAL4 
driver. Neither we observed such a phenotype nor any change in 
the cell morphology of medial edge cells suggesting that Odd does 
not act directly on puc. The thorax closure phenotype associated 
with the knock-down of Odd is more likely due to ectopic activation 
of JNK pathway, probably in DP cells underlying the medial edge 
cells of the PM. 

Increased JNK signaling in only the presumptive notum cells as 
induced with down regulation of Odd with pnr-Gal4 probably leads 
to increased cell migration and the two halves of the thorax seem 
to move into each other and the notum appears narrower and in 
some cases the scutellum is barely seen. With en-Gal4, the num-

da-Gal4 or pnr-Gal4. This could possibly be because the domain 
of expression of en-Gal4 is the posterior compartment and not in 
the medial edge cells which play an important role in cell migration 
during thorax formation. As medial edge cells are the ones which 
fuse with the opposing wing discs along the anterior-dorsal edges, 
JNK signaling may provide the guidance cues for proper fusion. 
Since da-Gal4 is expressed in all cells of the wing disc including the 
medial edge cells, down regulation of Odd caused increased JNK 
activity in the entire wing disc which, probably drives the medial 
edge cells to fuse in an uncoordinated fashion that ultimately leads 
to defective phenotypes in adults and in severe cases also leads 
to pupal lethality. The results presented here thus, suggests the 
importance of restricting JNK signaling only to medial edge cells 
of the PM for proper thorax closure. 

Our data provides evidence to add Odd to the growing list of 
proteins directly or indirectly involved in thorax closure. Further 
analysis is required both at the loss- and gain-of-function levels 
and also in identifying proteins that override the effect of Odd in 
the medial edge cells to keep JNK activity on. Bsk, which forms the 
core of the JNK signaling is regulated by the transcription factor 
dNF-Y. RNAi mediated down regulation of dNF-Y resulted in thorax 
closure defects owing to reduced level of Bsk (Yoshioka et al., 
2008). odd is also one such transcriptional regulator that encodes 

the segment polarity genes en and wg in the early embryo. The 
C-terminus of odd-skipped has a functional eh-1 like sequence that 
recruits Groucho (grou) and mediates this repression (Goldstein, 
et al., 2005). However, further analysis is required to understand 

the precise mechanism by which Odd regulates JNK activity.

Materials and Methods

Fly stocks

GAL4 system (Brand and Perrimon, 1993). The GAL-4 drivers used were 
odd-GAL4 and Ubx-GAL4 (Pallavi and Shashidhara, 2003), da-GAL4 (Wo-
darz et al., 1995), en-GAL4 (Brand and Perrimon, 1993), MS1096-GAL4 
(Capdevila et al., 1994), puc-Gal4 (Pastor-Pareja et al., 2004) pnr-GAL4 
and ap-GAL4 (Calleja et al.,

 et al., 1994), 
bsk (Mlodzik, Flybase reference 

bskDN (Adachi-Yamada, T. Flybase reference 2001.12.10) 
LacZ enhancer trap 

lines used were ap-lacZ (Diaz-Benjumea and Cohen, 1993), puc-lacZ 
(Martin-Blanco et al., 1998) and odd-lacZ (Schroeder et al., 2004). All the 
experiments were performed at 25ºC unless mentioned otherwise, with 

Lineage-tracing technique is essentially as described by Weigmann and 
Cohen, (1999). lacZ clones were generated by crossing Actin5C>stop>lacZ 

odd-GAL4 at 25°C. Third larval instar wing discs were stained 
for lacZ with anti- -galactosidase antibodies. Ubx clones were generated 

1 
(Shashidhara et al.,1999).

oddRNAi odd. Primers were 
designed to amplify the sequences from 1441-1670 from the cDNA clone 
RE48009 encoding the transcript of odd

injected into the embryos of w1118 
of transposase for integration. The loss of function of odd

oddRNAi.

Larval dissections and immunohistochemistry
Immunohistochemical staining was performed essentially as described 

by Patel et al., (1989). The primary antibodies used were polyclonal anti-
-galactosidase (in house, CCMB), anti-Armadillo (Riggleman et al., 1990) 

 et al., 
1998; gift by S. Small) at concentrations of 1:250, 1:100, 1:100 and 1:20 

of 1:1000. Images were obtained on Zeiss Apotome microscope or Zeiss 
LSM/Meta Confocal or a Zeiss Multiphoton microscope. 
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