
 

The drumstick gene acts cell-non-autonomously and triggers 
specification of the small intestine in the Drosophila hindgut
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ABSTRACT  An odd family gene drumstick (drm) encodes a zinc finger protein, and is necessary for 
the development of the small intestine, an anterior domain of the ectodermal hindgut of Drosophila 
melanogaster. However, mechanisms that specify the small intestine, as well as gene regulatory 
pathways leading to transcriptional activation of drm, are still unclear. We found that drm is ex-
pressed in two different tissues abutting the anterior end of the hindgut primordium, that is, the 
posterior-most region of the midgut (endoderm) and basal portion of the Malpighian tubules. A 
small intestine marker gene, unpaired (upd), begins to be expressed at the anterior-most region of 
the hindgut primordium that abuts the basal portion of Malpighian tubules, and the upd-positive 
region expands, resulting in a short tube during stages 11-13. The small intestine develops in both of 
the mutant embryos, serpent (srp) and Krüppel (Kr), that lack the drm-positive midgut or Malpighian 
tubules, respectively, while it fails to develop in the Kr srp double-mutant embryos that lack both 
of the drm-positive tissues. These results demonstrate that drm expressed in the abutting tissues 
cell-non-autonomously induces development of the small intestine in the hindgut primordium, 
probably by deploying some extracellular signaling factor. drm expression in the posterior gut 
region disappears and the small intestine fails to form in tailless (tll) mutant embryos, whereas 
over-expression of tll causes expansion of drm expression throughout the midgut, inducing a lon-
ger small intestine. These results indicate that drm is activated under the control of tll and triggers 
development of the small intestine cell-non-autonomously through some extracellular signaling.
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Introduction

The digestive tract is an evolutionarily conserved and structurally 
simple organ composed of an epithelial tube surrounded by visceral 
muscles of mesodermal origin. The Drosophila gut consists of three 
major parts: ectodermal foregut, endodermal midgut and ectoder-
mal hindgut. Each of these gut parts are subsequently subdivided 
into a number of distinct domains characterized by specific gene 
expression pattern (Murakami et al., 1994). These features make 
the Drosophila gut an attractive organ for the study of regional 
differentiation (Skaer, 1993; Hoch and Pankratz, 1996; Lengyel 
and Liu, 1998; Murakami et al., 1999; Lengyel and Iwaki, 2002). 
All the gut epithelia originate from anterior and posterior terminal 
domains of the cellular blastoderm, which form a continuous tube 
after invagination from both terminals. Fate decision of the both 
terminal domains is controlled by a gene regulatory system, the 
terminal system (reviewed in Nüsslein-Volhard et al., 1987; Skaer, 
1993; Murakami et al., 1999). Initially, graded concentrations or 

Int. J. Dev. Biol. 55: 945-952
doi: 10.1387/ijdb.113343su

www.intjdevbiol.com

*Address correspondence to:  Ryutaro Murakami. Department of Applied Molecular Bioscience, Graduate School of Medicine, Yamaguchi University, Yamaguchi 
753-8512, Japan. Tel/Fax: +81.83.933.5696. e-mail: ryu@yamaguchi-u.ac.jp

Accepted: 4 August 2011. Final, author-corrected PDF published online: 2 January 2012. Edited by: Makoto Asashima

ISSN: Online 1696-3547, Print 0214-6282
© 2012 UBC Press
Printed in Spain

Abbreviations used in this paper: ap, anal pads; arm, armadillo; bowl, brother of  odd 
with entrails limited; byn, brachyenteron; ct, cut; drm, drumstick; EL, egg length; 
hg, hindgut/hindgut primordium; hkb, huckebein; knrl, knirps-related; Kr, Krüp-
pel; li, large intestine; lin, lines; mg, midgut/ midgut primordium; mt, Malpighian 
tubules; otp, orthopedia; rec, rectum; si, small intestine; srp, serpent; st, stage; tll, 
tailless, upd, unpaired; wg, wingless; WT, wild-type.

activities of maternal morphogens are established, with maximum 
peaks at both anterior and posterior termini of the egg (Greenwood 
and Struhl, 1997; Martin et al., 1994; Savant-Bhonsale and Montell, 
1993; Sprenger and Nüsslein-Volhard, 1992), which leads to acti-
vation of the two earliest zygotic genes tailless (tll) and huckebein 
(hkb) in a nested pattern (Brönner and Jäckle, 1991; Pignoni et al., 
1990). brachyenteron (byn), a brachyury ortholog, is essential for 
specifying hindgut primordium (Kispert et al., 1994; Murakami et 
al., 1995; Singer et al., 1996). In the posterior terminal region of the 
cellular blastoderm, byn is activated by tll, and repressed by a hkb 
target gene srp, thus being restricted to a region spanning 10-15% 
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egg length (EL) of the early cellular blastoderm, and the byn-positive 
region eventually forms the hindgut and anal pads (Reuter and 
Leptin, 1994; Rehorn et al., 1996; Murakami et al., 1999; Lengyel 
and Iwaki, 2002). During embryonic development, the hindgut 
primordium is subdivided into several domains characterized by 
specific gene expression and ultrastructure (Hoch and Pankratz, 
1996; Pankratz and Hoch, 1995; Murakami and Shiotsuki, 2001; 
Takashima and Murakami, 2001). A major anterior domain is the 
small intestine, then, the large intestine follows. The large intestine 
is further subdivided into a dorsal and a ventral domains that are 
demarcated by a one-cell-wide boundary cell domain. The rectum 
domain arises posterior to the large intestine, and the anal pads 
form the posterior orifice of the gut tube. There are several studies 
on mechanisms of the subdivision of hindgut primordium: Wg signal 
emanated from the anal pads induces the rectum (Takashima and 
Murakami, 2001); boundary cells are specified by Notch signaling 
activated at the interface between the dorsal and ventral domains 
of the large intestine (Takashima et al., 2002; Iwaki et al., 2001; 
Fub and Hoch, 2002). These results imply importance of cell-to-

cell interactions mediated by extracellular signal molecules in the 
process of subdividing hindgut into several domains. The small 
intestine has a couple of features similar to the rectum both in the 
ultrastructure and gene expression pattern: apical surface of the 
epithelium shows no trait of absorptive function, being covered by 
a thick cuticular layer; the epithelial tube is surrounded by a well-
developed sphincter muscles (Murakami and Shiotsuki, 2001); 
both the small intestine and rectum express hedgehog (hh) and 
knirps-related (knrl) (Hoch and Pankratz, 1996; Fub et al., 2001; 
Takashima and Murakami, 2001; Iwaki et al., 2001; Lengyel and 
Iwaki, 2002; Green et al., 2002; Johansen et al., 2003). However, 
while the rectum is induced by Wg signaling, the small intestine is 
independent of Wg (Takashima and Murakami, 2001). Odd-family 
genes, drumstick (drm) and bowl, as well as Wnt-pathway related 
gene lines (lin), are involved in the process of fate decision of 
the small intestine (Iwaki et al., 2001; Lengyel and Iwaki, 2002; 
Green et al., 2002; Johansen et al., 2003; Hatini et al., 2005). drm 
is essential for the development of small intestine: drm mutant 
embryos fail to develop small intestine, while over-expression of 

Fig. 1. Expression patterns of drm, upd 
and otp mRNAs during development of 
the small intestine in wild-type embryos. 
In all panels, anterior of the embryos is to 
the left. Embryonic stages and detected 
mRNAs are indicated at the top right and 
bottom right of the panels, respectively. (A-
C) Stage 9 embryos, lateral views: (A) Weak 
and diffuse drm signal in the hindgut (hg) and 
midgut primordium (mg) is detected., (B) No 
upd signal appears yet., (C) otp begins to be 
expressed in the hindgut primordium. (D-I) 
Stage 11 embryos: (D-F) Lateral views, and 
(G-I) dorsal views., (D,G) drm expression be-
comes distinct in the posterior-most region 
of midgut and basal portion of the Malpighian 
tubules, not in the small intestine domain 
(si, arrowheads)., (E,H) upd is expressed as 
bilateral spots representing developing small 
intestine domain (arrowheads)., (F,I) otp 
signal is disappearing in the small intestine 
(arrowheads). (J-O) Stage 12 embryos: (J-
L) Lateral views and (M-O) dorsal views., 
(J,M) drm expression becomes restricted 
to the posterior-most region of midgut and 
basal portion of the Malpighian tubules., 
(K,N) upd positive region expanded poste-
riorly, partially becoming tubular., (L,O) The 
small intestine (arrowheads) is negative for 
otp signal. (P-R) Stage 14 embryos, lateral 
views: (P) drm is exclusively expressed in 
the posterior-most region of midgut and 
basal portion of the Malpighian tubules., 
(Q) upd is expressed exclusively in the 
small intestine., (R) otp is expressed in the 
large intestine. Abbreviations: hg, hindgut/
hindgut primordium; li, large intestine; mg, 
midgut/ midgut primordium; mt, Malpighian 
tubules; si, small intestine.
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drm transforms most of the hindgut primordium into small intestine. 
However, both upstream and downstream regulatory pathway of 
drm is still unclear. In the present study, we show that drm is acti-
vated under the control of tll, and, acts cell-non-autonomously in 
the process of specifying small intestine, probably deploying some 
extracellular signaling factor. 

Results

drumstick (drm)  is expressed in the posterior-most region of 
the midgut and basal portion of the Malpighian tubules, but 
not in the small intestine during late stages

Weak and rather diffuse signal of drm is detectable in the in-
vaginating proctodeum as early as stage 7. During stage 9 and 10, 
drm expression is still weak and diffuse, and the positive region 
apparently includes the future hindgut and posterior-most region 
of the midgut (endoderm) (Fig. 1A). unpaired (upd), a marker 
gene of the small intestine, is not expressed in the hindgut region 
at these stages (Fig. 1B). On the other hand orthopedia (otp), a 
homeobox gene specifically expressed in the large intestine, is 
first expressed in the hindgut primordium at stage 9 (Fig. 1C). At 
stage 11, the expression pattern of drm becomes distinct, with 
drm-positive area being restricted to the posterior-most region of 
the midgut and basal portion of the buds of Malpighian tubules 
(Figs. 1 D,G). When viewed dorsally, upd signal first appears at 
this stage as bilateral spots abutting the buds of Malpighian tubules 
(Fig. 1H). Concomitantly, otp signal in the anterior-most region of 
the hindgut primordium becomes very weak (arrowheads in Figs. 
1 F,I). During stage 12, the upd-positive region expands posteriorly 
and medially, becoming tubular (Figs. 1 K,N), and border between 
the upd-positive small intestine and otp-positive large intestine 
becomes clear (Figs. 1 K,L,N,O). During late stage 12 and 13, the 
upd-positive domain eventually forms a complete tube. At stage 14, 
all the domains in and around the small intestine can be recogniz-
able by specific gene expression: drm for the posterior-most region 
of midgut and basal portion of the Malpighian tubules (Fig. 1P); 
upd for the small intestine (Fig. 1Q); otp for the large intestine (Fig. 
1R). These observations indicate that drm is expressed in tissues 
abutting anterior end of the hindgut primordium after stage 11.

drumstick mutant embryos fail to form the small intestine 
while adjacent tissues remain largely intact

Above results suggest that drm works cell-non-autonomously 
in the development of small intestine. We examined effects of 
drm mutation on the small intestine and abutting tissues by use 
of region-specific probes to know what tissues are affected by the 
drm mutation.

knrl and upd have been used as marker genes of the small 
intestine (Figs. 2 A,C) (Harrison et al., 1998; Fub et al., 2001; 
Iwaki et al., 2001; Green et al., 2002; Johansen et al., 2003). In 
drm mutant embryos, hindgut is short, and there is no expression 
of knrl and upd in the anterior region of the hindgut (asterisks in 
Figs. 2 B,D), being consistent with the previous reports (Green et 
al., 2002; Johansen et al., 2003). To examine effects of drm muta-
tion on the tissues abutting the small intestine, in situ hybridization 
was carried out using the following probes: GATAe probe for the 
endoderm/Malpighian tubules; otp probe for the large intestine; 
cut probe for the Malpighian tubules. In wild-type embryos, small 
intestine is clearly recognizable as a short tube negative for GATAe 

Fig. 2. drm mutant embryos fail to form small intestine while adjacent 
tissues remain largely intact. In all panels, anterior of the embryos is 
to the left. Embryonic stages and detected mRNAs are indicated at the 
top right and bottom right of the panels, respectively, and mutant names 
are at the bottom left. (A,C,E,I) Wild-type embryos, and (B,D,F,G,H,J) 
drm mutant embryos: (A) upd is expressed in the small intestine of the 
wild-type embryo. (B) upd expression disappears (asterisk) in the drm 
mutant embryo. (C) knrl is expressed in the small intestine and rectum 
in the wild-type embryo. (D) In drm mutant, the small intestine does 
not form (asterisk), and knrl expression remains only in the rectum. (E) 
GATAe-otp double-staining of the wild-type embryo. The small intestine is 
recognized as a domain negative for both signals (arrowhead). (F) In drm 
mutant, GATAe is expressed in the midgut and the buds of Malpighian 
tubules. (G) In drm mutant, otp is normally expressed in the large intes-
tine. (H) GATAe-otp double-staining of the drm mutant embryo. There is 
no gap between GATAe and otp expression domain, indicating that the 
small intestine is completely missing (asterisk). (I) Expression of cut (ct) 
in wild-type embryo. Malpighian tubules are positive for ct. (J) In the drm 
mutant embryo, ct is still expressed weakly in the Malpighian tubules. 
Abbreviations: li, large intestine; mg, midgut; mt, Malpighian tubules; rec, 
rectum; si, small intestine.
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and otp probes (Fig. 2E). In drm mutant embryos, expression of 
both marker genes remains largely intact (Figs. 2 F,G). It should 
be noted that buds of the Malpighian tubules form and express 
GATAe in the drm embryos (Fig. 2F). However, small intestine 
that is negative for both marker genes does not form, resulting in 
a continuous staining region positive for GATAe-otp mixed probes 
at the midgut-hindgut junction (asterisk in Fig. 1H). These results 
demonstrate that in drm mutant embryos, small intestine does 
not form, and also suggest that adjacent tissues that express 
drm in normal embryos remain largely intact. Actually, buds 
of Malpighian tubules express cut (ct), a marker genes of the 
tissue, although the signals are weaker than those in wild-type 
embryos (Figs. 2 I,J). Regarding the posterior-most domain of 
the midgut, its macroscopic morphology in later embryonic stages 
looks slightly abnormal, with rather short convoluted portion 
in the posterior-most region, suggesting drm mutation affects 
development of this region. Although marker genes specific for 
this region in differentiated midgut are not available, wg is known 

to be expressed in the midgut-hindgut junctional region (mainly 
on the midgut side). We found that wg expression in this region 
disappears in drm mutant embryos (data not shown). This result 
implies a possibility that drm activity is mediated by Wg signaling, 
which we consider afterward (see Fig. 4). 

Development of the small intestine in mutations that affect 
drumstick-positive adjacent tissues

Above results strongly suggest that drm induces small intes-
tine cell-non-autonomously. drm is expressed in two different 
tissues, the posterior-most region of midgut and basal portion 
of the Malpighian tubules. Either one or both of the two drm-
positive tissues are thought to be responsible for inducing small 
intestine. To address this issue, we examined mutants that fail 
to form each of the drm-positive tissues, the midgut epithelium 
and Malpighian tubules. srp is a key gene that specifies devel-
opmental fate of the midgut (endoderm). In srp mutant embryos, 
prospective anterior and posterior midgut domains transform into 
a portion of the ectodermal foregut and hindgut, respectively. 
Thus, prospective posterior midgut in srp embryos transforms 
into a supernumerary hindgut (mostly large intestine) (Abel et al., 
1993; Rehorn et al., 1996; Reuter, 1994). In srp mutant embryos, 
drm expression is observed in a deformed epithelial tissue mass 
between the innate and supernumerary large intestine (Fig. 3A), 
which is assumed to represent rudimental Malpighian tubules. In 

Fig. 3. Development of the small intestine in the mutants that lack 
drm-positive tissues. In all panels, anterior of the embryos is to the left. 
Mutant names are indicated at the bottom left of the panels. Embryonic 
stages and detected mRNAs are at the top right and bottom right, respec-
tively. (A,B) srp mutant embryos, in which prospective midgut transforms 
into large intestine. (A) drm is expressed in rudimentary Malpighian tubules 
(mt, arrowhead) between innate and supernumerary large intestine. (B) 
upd-positive small intestine tissue appears (arrow head), being intermingled 
with rudimentary Malpighian tubules. (C,D) Kr mutant embryos, in which 
Malpighian tubules do not develop. (C) drm is expressed in the posterior-
most region of the midgut. (D) upd-positive small intestine develops. (E,F) Kr 
srp double-mutant embryos. Asterisks indicate approximate position of the 
boundary between innate and supernumerary hindgut. (E) drm expression 
disappears in the Kr srp double-mutant embryo. (F) upd expression also 
disappears in the Kr srp double-mutant embryo, indicating that the small 
intestine does not develop. Abbreviations: ap, anal pads; li, large intestine; 
mg, midgut; mt, Malpighian tubules; si, small intestine.

Fig. 4. byn and Wg signaling is not necessary for the develop-
ment of small intestine. In all panels, anterior of the embryos 
is to the left. Mutant names are indicated at the bottom left of 
the panels. Embryonic stages and detected mRNAs are indicated 
at the top right and bottom right, respectively. (A,B) byn mutant 
embryos. (A) drm is expressed in the posterior-most region of 
midgut and Malpighinan tubules in the byn mutant embryo. (B) 
upd-positive small intestine also developed (arrow head). (C) wg 
mutant embryo. The small intestine is recognized as upd-positive 
domain. (D) arm mutant embryo. The small intestine is recognized 
as upd-positive domain. Abbreviations: ap, anal pads; li, large 
intestine; mg, midgut; mt, Malpighian tubules; si, small intestine.

the same region, strong upd expression is also detected 
(Fig. 3B), which is thought to represent rudimental tis-
sues of the small intestine intermingled with rudimental 
Malpighian tubules. These results demonstrate that the 
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small intestine can develop in the absence of the midgut. We 
next examined Krüppel (Kr) mutant embryos, in which prospec-
tive region of the Malpighian tubules develops as a portion of 
the hindgut (Harbecke and Janning, 1989; Liu and Jack, 1992; 
Redemann et al., 1988; Skaer, 1993). In Kr embryos, drm was 
found to be expressed in the posterior-most region of the midgut 
(Fig. 3C), and, upd expression also remains in the anterior-most 
portion of the hindgut (Fig. 3D). These results indicate that the 
small intestine can develop in the absence of either one of the 
two drm-positive tissues, the midgut or Malpighian tubules. In 
other words, either one of the drm-positive tissues may be suf-
ficient for inducing small intestine. Thus, we generate Kr srp 
double-mutant embryos to eliminate both drm-positive tissues. In 
the double-mutant embryos, drm expression in the posterior gut 
tissues is completely abolished (Fig. 3E), and, upd expression 
is not detected (Fig. 3F). These results are summarized in Table 
1, and they unequivocally demonstrate that it is the drm-positive 
tissues abutting hindgut primordium that induces small intestine, 
and that the action of drm is cell-non-autonomous. 

The small intestine is specified independently of brachyen-
teron (byn) and wingless (wg) signaling

 byn is a T-box gene orthologous to the vertebrate brachy-
ury gene, and it has been recognized as a master gene in the 
hindgut development. In byn mutant embryos, hindgut does not 
develop, or, only a very short epithelial tube remains (Kispert et 

4C). The small intestine also develops in armadillo (arm) mutant 
embryos (Fig. 4D). Moreover, forced-expression of active form of 
arm (armS10) does not affect development of the small intestine 
while entire large intestine transforms into rectum (data not shown). 
Thus, extracellular signaling factor that is supposed to mediate 
drm activity remains unknown. We then examined candidates of 
upstream genes that regulate drm expression. 

Fig. 5. Tailless (tll) is necessary for the drm expression. In all 
panels, anterior of the embryos is to the left. Mutant names are 
indicated at the bottom left of the panels. Embryonic stages and 
detected mRNAs are indicated at the top right and bottom, re-
spectively. (A,B) GATAe deficient embryos. (A) drm is expressed 
normally at the posterior-most region of midgut and Malpighian 
tubules. (B) upd-positive small intestine develops normally (arrow-
head). (C,D) hkb mutant embryos. (C) drm is expressed in basal 
portion of the Malpighian tubules. (D) upd-positive small intestine 
develops normally (arrowhead). (E,F) tll mutant embryos. (E) drm 
expression is missing in the tll mutant embryo. (F) Expression 
of upd is abolished in the tll mutant embryo (asterisks). (G,H) 
Over-expression of tll with maternal-GAL4, (G) drm expression is 
ectopically induced throughout the midgut. (H) Expression domain 
of upd markedly expands (compare with that in Fig. 2A). Abbrevia-
tions: li, large intestine; mg, midgut; mt, Malpighian tubules; rec, 
rectum; si, small intestine.

al., 1994; Murakami et al., 1995; Singer et al., 1996). We 
found that the strongest byn allele (bynapro) does not affect 
drm expression in the adjacent midgut and Malpighian 
tubules (Fig. 4A), and, unexpectedly, residual short epi-
thelial tube expresses the small intestine marker upd (Fig. 
4B) and knrl (data not shown). We also confirmed that a 
large intestine marker otp is abolished completely in byn 
embryos as was reported previously (data not shown). 
These results demonstrate that the small intestine can 
develop in the absence of byn activity, and it does not 
need adjacent large intestine. Next, we tried to identify 
extracellular signaling that mediates drm activity. Various 
Wnt family genes including wingless (wg) are expressed 
at the junctional region between midgut and hindgut, and 
we found that wg expression in the midgut-hindgut junction 
disappears in drm mutants (data not shown). However, 
the small intestine develops in wg mutant embryos (Fig. 
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drumstick is activated under the control of tailless (tll)
drm-positive midgut region, as well as the ectodermal small in-

testine, arises from a posterior region of the cellular blastoderm. In 
order to find gene regulatory pathway leading to the drm expression 
in posterior gut tube, we examined mutants of the genes that are 
expressed in posterior terminal region of the cellular blastoderm 
stage. GATAe is a GATA factor gene that is required for activating 
a large part of the genes expressed in the differentiated midgut 
epithelium (Murakami et al., 2005; Okumura et al., 2005). Embryos 
deficient for GATAe, however, were found to express drm in the 
posterior-most region of the midgut and in the basal portion of the 
Malpighian tubules (Fig. 5A), and the small intestine develops 
normally, as is proven with the upd expression (Fig. 5B). Mutation 
of a gap gene hkb, one of the earliest zygotic genes activated in 
the future endodermal region, was also examined. drm expres-
sion remains in the anterior end of the proctodeal invagination 
which corresponds to the region of Malpighian tubules (Fig. 5C), 
and the small intestine develops normally (Fig. 5D). tll is another 
gap gene expressed in the posterior blastodermal region, and its 
mutation is known to affects wide blastodermal region including 
future hindgut, Malpighian tubules as well as a posterior portion of 
the midgut (Brönner and Jäckle, 1991; Pignoni et al., 1990). In tll 
mutant embryos, drm expression is not detected in any stages in 
the posterior gut region (Fig. 5E). At the same time, upd expression 
is not detected in the posterior gut region (Fig. 5F). The disappear-
ance of drm expression in the posterior gut region may be indirect 
outcome of the drastic tll phenotype, since most of the posterior 
gut regions fail to form in tll mutants (Skaer, 1993). However, when 
tll is over-expressed by use of maternal-GAL4 (rom) driver, drm 
is ectopically induced throughout the endoderm (Fig. 5G), and, at 
the same time, the small intestine becomes larger (Fig. 5H). These 
results strongly suggest some essential role of tll in the activation 
of drm as well as in the induction of small intestine.

Discussion

drumstick is required cell-non-autonomously for specifying 
small intestine 

An odd family gene drm is essential for the development of 
small intestine of the Drosophila ectodermal hindgut. drm mutant 
exhibits very short hindgut, and fails to form the small intestine, 
an anterior domain of the ectodermal hindgut. In contrast, the 
small intestine domain expands when drm is forced-expressed 
throughout the hindgut (Iwaki et al., 2001; Lengyel and Iwaki, 
2002; Green et al., 2002; Johansen et al., 2003). From extensive 
genetic analyses in their studies, Johansen et al., (2003) proposed 
a gene regulatory model for the specification of the small intes-
tine. In their model, drm that is expressed in the anterior of the 
hindgut primordium induces small intestine by suppressing the 
activity of widely-expressed transcription factor Lin. However, as 
is described in the RESULTS, we found that distinct drm expres-
sion was observed exclusively in the posterior-most region of the 
midgut and basal portion of the Malpighian tubules from stage 
11 onward, but, not in the hindgut primordium itself. Kr mutant 
embryos lack the Malpighian tubules while the midgut remains 
intact. On the other hand, srp embryos lack the midgut while 
Malpighian tubules remain intact. Both of the single mutations do 
not affect initial development of the small intestine. However, Kr 
srp double-mutant embryos, which lack both of the drm-positive 

tissues, fail to form the small intestine. These results unequivo-
cally demonstrate that drm works in the posterior-most region 
of the midgut and basal portion of the Malpighian tubules, and 
induces the small intestine in the adjacent hindgut primordium 
cell-non-autonomously. In this process, Drm is assumed to ac-
tivate some extracellular signaling factor, and the latter acts on 
the hindgut primordium and triggers developmental program of 
the small intestine. Canonical Wnt signaling is not essential for 
this process, since arm mutant, which lacks common transcrip-
tion factor of the Wnt signaling pathway, does not affect initial 
development of the small intestine. Furthermore, when constitutive 
active form of arm (armS10) was forced-expressed throughout 
the hindgut primordium, no marked change was observed in the 
small intestine (data not shown). Thus, signaling factor deployed 
in the specification of small intestine remains still unknown. 

The drm-positive region of the midgut corresponds to the domain 
m13 that was recognized by its characteristic gene expression 
pattern in larva (Murakami et al., 1994). This region, as is the 
case of other posterior midgut regions, gives rise to a reabsorp-
tive tissue in larva (Bodensein, 1950). It remains to be elucidated 
whether this region possesses characteristic cytological features. 
In embryos, the region, together with the Malpighian tubules, may 
act as a signaling center that affects adjacent hindgut primordium 
under the control of Drm. In addition to the induction of small 
intestine, the drm-positive regions may possibly play some role 
in the differentiation of the posterior midgut, since our preliminary 
study revealed that drm mutation abolishes expression of a marker 
gene specific to a posterior region of the midgut. 

 upd-positive small intestine cells first appeared at stage 11 as 
bilateral spots abutting the buds of Malpighian tubules, and soon 
formed short tube during stage 12-13. There have been reports 
that prospective region of the small intestine stops cell division 
and DNA replication around stage 11 (Iwaki et al., 2001; Fub et 
al., 2001). In fact, approximate numbers of upd-positive cells 
were 16 per one side at stage 11, and increased only to 20-22 
at stage 13-14 (data not shown). Thus, morphological change 
of the small intestine during stage 11-13 may be brought about 
mainly by cell-rearrangement and cell-shape changes of the 
upd-positive cells. 

Upstream regulatory pathway of drumstick activation in the 
posterior gut region

In order to elucidate upstream gene regulatory pathway of the 
drm expression, we examined several mutants that show defects 
in the posterior gut region. Among the mutants investigated, tll 
was the only mutation that abolished drm expression. tll is one of 
the earliest zygotic genes that are expressed in both anterior and 
posterior terminal regions of the cellular blastoderm (Brönner and 
Jäckle, 1991; Pignoni et al., 1990). Tissues including posterior 
gut regions around midgut-hindgut junction are impaired in tll 
mutant embryos. Thus, the above result that drm expression in 
the posterior gut region disappeared in tll mutant embryos does 
not necessarily mean that drm is activated under the control of 
tll. Rather, it could be an indirect effect resulting from strong 
defects caused in the prospective posterior gut region during 
early stages of development. However, forced-expression of tll 
throughout the embryo was found to cause ectopic expression of 
drm throughout the developing midgut, which strongly suggests 
that drm is activated under the control of tll. In normal development, 
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drm expression is restricted only to the posterior-most region of 
midgut and basal portion of the Malpighian tubules from stage 
11 onward. Some unknown factors, in conjunction with tll, may 
be involved in defining the spatial expression pattern of drm in 
these regions. A model of gene regulatory pathway leading to 
the specification of small intestine, which is deduced from the 
present and previous studies, is presented in Fig. 6. 

Signaling pathway of the development of small intestine is 
still puzzling

In the present study, we revealed a few essential steps in the 
pathway of small intestine development. However, mechanisms 
of the specification of small intestine are still rather ambiguous 
and puzzling. In the model of Johansen et al., (2003), drm sup-
presses activity of the ubiquitously-expressed transcription factor 
Lin, and, Lin suppresses activity of another odd-family protein 
Bowl in the absence of drm activity. Thus, drm activity eventu-
ally leads to the activation of Bowl, and the latter is essential for 
determining tissue identity of the small intestine. However, there 
is no direct evidence that demonstrates specific roles of Bowl in 
this process. All these circumstantial knowledges suggest that 
there may be some unknown factor that defines identity of the 

small intestine. Thus, most important issues to be solved is: ex-
tracellular signaling factor generated under the control of drm, 
and, gene that determines tissue identity of the small intestine. 

Materials and Methods

Fly strains
The following fly stocks are used: Oregon R as wild type for the ana-

lyzing normal development, wgPY40 (hypomorphic mutant, Murakami et 
al., 1994); bynapro (strongest allele, Murakami et al., 1995); srp2 (amorphic 
allele; Reuter, 1994); hkbA (null allele); Df(3R)sbd45 (deletion of GATAe 
locus); arm4m (null mutant of arm); Df(2L)drmP1 (chromosomal deletion 
of drm locus); Kr2 (amorphic mutant); tllG(null allele); Kr2 srp double mutant 
was generated by conventional crossings.

The following GAL4 and UAS strains were used for misexpression 
experiments: byn-GAL4 (for misexpression in the hindgut primordium); 
48Y-GAL4 (for misexpression in the midgut); maternal-GAL4 (ubiquitous); 
UAS-tll; UAS-wg; UAS-drm; UAS-armS10.  All these strains are provided by 
DGRC, Kyoto Stock Center and Bloomington Stock Center, if not mentioned 
specifically. The flies were raised at 24°C for collection of the embryos.

In situ hybridization
The following cDNAs or EST clones were used as template to synthesis 

DIG-labeled RNA probes: upd cDNA (Harrison et al., 1998, EST clone 
AT23111, also known as outstretched, os -flybase); drm cDNA (Green et 
al., 2002, EST clone LD26791); knrl cDNA (Chen et al., 1998); otp cDNA 
(Simeone et al., 1994); GATAe cDNA (EST clone LD08432); ct cDNA 
(EST clone RE08418); wg cDNA (Baker, 1987). The whole mount in situ 
hybridization was carried out as described by Tautz and Pfeifle, (1989). 
Staging of the embryos were done according to Campos-Ortega and 
Hartenstein, (1985).
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