


 

 
 26: 217-226 (2006) 

Formosan Entomol. 26: 217-226 (2006) 
 

 
*Correspondence address 
e-mail: kawasaki@cc.utsunomiya-u.ac.jp Metamorphosis of the Wing Disc and an Expressed Sequence Tag  217 

Introduction 
 

Ecdysteroid plays an essential role 
during the metamorphosis of insects. The 
morphogenesis of adult organs such as the 
imaginal discs is regulated by ecdysteroids 
(Oberlander, 1985). The fluctuation in 
hemolymph ecdysteroid titers at the 
initiation of metamorphosis is well known 
in insects (Riddiford and Truman, 1993; 
Thummel, 1995). Molecular analyses showed 
that 20-hydroxyecdysone (20E) functions 
as a signal to activate or repress target 
genes, which regulate insect morphogenesis, 
at the level of transcription (Natzle, 1993; 
White et al., 1997). The Ashburner model 
explains 20E’s response in Drosophila 

salivary glands (Ashburner et al., 1974; 
Ashburner, 1991), where the existence of 
primary response loci and secondary 
response loci was demonstrated. The 
ecdysone EcR/USP complex directly 
regulates the primary response genes: 
BR-C, E75A, E75B, E75C, E74A, and 
E74B. These early genes regulate secondary- 
response late genes (Thummel, 1995; 
White et al., 1997; Jiang et al., 2000). 
Ecdysone-dependent pathways exist in 
imaginal discs and are responsible for 
imaginal disc metamorphosis. Therefore, 
microarray analysis has been applied to 
Drosophila imaginal discs (Klebes et al., 
2002; Butler et al., 2003). 

The hemolymph ecdysteroid titer 
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decreases to an undetectable level after 
the last molting and then begins to 
increase again after the start of spinning 
to a maximum level around the cessation 
of spinning: 2 days after the wandering 
stage (Kiguchi et al., 1985) in B. mori. 
During these stages, the morphological 
and related changes of gene expression 
patterns in wing discs are matters 
discussed in this review. 
 
1. Wing discs 

Insects have two different types of 
organs besides reproductive ones: one is 
larval and degenerates, and the other is 
imaginal and develops during metamorphosis. 
Numerous studies on imaginal discs 
(Doctor and Fristrom, 1985; Oberlander, 
1985) led us to construct cDNA libraries 
of different stages of wing discs of the 
final larval instar of B. mori. Imaginal 
discs have been studied as targets of 
ecdysone for a long time: their dynamic 
morphological changes as a result of 
ecdysone function, ecdysone sensitivity 
for the screening and isolation of several 
ecdysone-inducible genes (Natzle et al., 
1986) 

Wing discs exist in silence until the 
last larval ecdysis in holometabolous 
insects. After the disappearance of the 
juvenile hormone (JH), the rate of 
proliferation of disc cells increases rapidly 
(Kurushima and Ohtaki, 1975; Kawasaki 
and Iwashita, 1987), and the low 
concentration of ecdysteroids promotes 
cell proliferation after the wandering 
stage in Bombyx wing discs (Kawasaki, 
1998). Cuticle deposition, evagination, 
changes in the cell shape, and the 
appearance of newly synthesized peptides 
were observed in Bombyx wing discs 2 
days after the wandering stage (Kawasaki 
and Iwashita, 1987; Kawasaki, 1998), 
when the peak ecdysteriod level was 
observed (Quan et al., 1998). 

Metamorphosis of lepidopteran imaginal 
discs such as cuticle deposition, and 
tracheole migration and evagination were 

induced after ecdysteroid treatment in 
vitro (Fristrom et al., 1973, Mandaron, 
1973). Ecdysteroid accelerates mitosis in 
Tenebrio accessory glands (Szopa et al., 
1985) and Manduca epidermis (Kato and 
Riddiford, 1987). Several ecdysteroid- 
inducible polypeptides and genes were 
detected and cloned in imaginal discs of 
Drosophila melanogaster (Natzle et al., 
1986; Woods et al., 1987; Apple and 
Fristrom, 1991). Ecdysone-inducible 
polypeptides were detected (Lynn et al., 
1982) or ecdysone inducible cDNA clones 
were obtained (Chareyre et al., 1993; 
Besson et al., 1996) in lepidopteran 
imaginal discs. Some of these cDNAs 
corresponding mRNAs were expressed in 
the spinning stage specifically in Bombyx 
wing disc (Chareyre et al., 1993; Besson 
et al., 1996). It can be assumed that 
ecdysteroid works both for controlling the 
cell cycle and for inducing new genes for 
material production in preparation for 
pupation. Therefore, for a better study of 
the effect of the hormone on genetic 
modulation during insect metamorphosis, 
we selected the wing discs of B. mori as a 
target organ. 

Recently, ecdysteroid-regulating genes 
have been isolated, and their expression 
has been observed in Bombyx wing discs 
(Kamimura et al., 1996; Quan et al., 1998; 
Matsuoka and Fujiwara, 2000; Zhao et al., 
2001; Takeda et al., 2001; Noji et al., 
2003). Gaining a overview of ecdysone- 
dependent and -independent genes during 
wing metamorphosis will lead to a better 
understanding of insect metamorphosis. 
For this, we constructed four cDNA 
libraries from different stages of the wing 
disc of B. mori, sequenced approximately 
1000 randomly selected cDNAs from each 
library, and compared the expression 
profiles at four different stages. 
 
2. SilkBase 

Data described above have been 
compiled into an EST database of B. mori 
together with other sequence data from 
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different cDNA libraries of B. mori, 
leading to the construction of SilkBase 
(http://www.ab.a.u-tokyo.ac.jp/silkbase/; 
Mita et al., 2003). To build a foundation 
for the complete genomic analysis of B. 
mori, we have constructed an EST database. 
So far, the Bombyx EST database 
contains 35,000 ESTs from 36 cDNA 
libraries, which are grouped into 11,000 
nonredundant ESTs with an average 
length of 1.25 kb. The comparison with 
FlyBase suggests that the present EST 
database, SilkBase, covers > 55% of all 
genes of Bombyx. Genomic information 
provides powerful tools for understanding 
biological mechanisms and functions and 
is essential for biology, medical science, 
and agriculture. 

The cDNA catalog is very effective in 
listing the genes responsible for the 
metamorphosis of wing discs. Multiple 
cloning of cuticle protein genes was 
performed by sequencing cDNAs randomly 
selected from a cDNA library of wing 
discs just before pupation, and nine 
different cuticular protein genes were 
identified. By a comparison of the cDNA 
libraries prepared from wing discs before 
and after larval-pupal metamorphosis, we 
isolated BmAcer and BmNepl whose 
expression patterns were stage-specific 
and correlated with 20E levels. Also, this 
method was applied to isolate as many 
tubulin isotypes as possible and to 
examine the organ distribution of tubulin 
isotypes of B. mori. 
 
3. Microarray analysis 

Microarray analysis was applied to 
quantify the expression of each gene in 
each stage in order to confirm whether 
the expression of the genes identified 
from the EST was induced by 20E in a 
stage-specific manner. Microarray analysis 
was applied to 5760 EST clones of 
SilkBase to compare 20E +/- cultured 
wing discs (Kawasaki et al., 2004). After 
three microarray analyses, 110 identical 
clones from the EST database of B. mori 

had signals which were two times stronger 
against mRNAs from hormone-treated 
wing discs than from hormone-free wing 
discs. Among the 110 clones, 63 were 
from wing disc ESTs. Of these 63 clones, 
46 were from the wing disc EST database 
at the W2 and W3 stages. Nine clones 
have already been reported to be ecdysone- 
inducible (Urbain, BmAcer, BmNepl and 
BmWCP10), and three (Chitinase and 
BmChi-h) have shown stage-specific 
expression in the Bombyx epidermis when 
the ecdysteroid titer was high (Daimon et 
al., 2003). Results indicate that there are 
abundant ecdysone-inducible genes in wing 
discs when the hemolymph ecdysteroid titer 
is high. The evidence that microarray 
analysis identified a number of reported 
genes as ecdysone-inducible ones such as 
Urbain, E75, BmAcer, BmWCP10, BmChi-h 
and BmNepl, together with results of the 
RT-PCR showed the effectiveness of the 
microarray analysis using wing discs for 
the screening of ecdysone-inducible genes 
as reported by Li and White (2003). Krebs 
et al., (2002) isolated developmentally 
specific genes from the mosquito using a 
microarray analysis. 

On the other hand, cDNA microarrays 
constructed from 5086 ESTs (Ote et al., 
2004) were used to monitore gene 
expression profiles in wing discs of B. 
mori at 13 time points (day-4 fifth instar 
larvae to day-0 pupae) during pupal 
ecdysis. Of the 5086 ESTs on the 
microarrays, 2998 ESTs had significant 
signals in more than half of the 
experiments. Of the 2998 ESTs, genes 
represented by 683 ESTs showed 
significant perturbations during pupal 
ecdysis. Genes previously known to be 
induced during metamorphosis were 
identified, including E75, Urbain, Chitinases, 
and cuticle proteins. The expressions of 
genes represented by 59 ESTs induced at 
the beginning of the wandering stage 
contained genes predicted to be involved 
in protein degradation, amino acid 
metabolism, and amino acid transport. 
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The expressions of genes represented by 
147 ESTs induced after the ecdysteroid 
peak had a role in cuticle synthesis, 
pigmentation, ion transport, protein 
transport, and transcription regulation. 
The expressions of genes represented by 
85 ESTs, which are repressed after the 
ecdysteroid peak, were predicted to be 
involved in nucleotide and nucleic acid 
metabolism and the cell cycle. This 
indicates the involvement of several 
biological processes in wing disc development 
during metamorphosis. In B. mori, the 
ongoing EST project has identified over 
10,000 non-redundant ESTs (Mita et al., 
2003). 
 
4. Metamorphosis of the wing disc 

To understand the metamorphosis on 
a molecular level, changes in the 
expression profiles in the imaginal disc 
during metamorphosis were investigated 
(Kawasaki et al., 2004). For this purpose, 
we constructed cDNA libraries from four 
different stages of wing discs of B. mori, 
sequenced about 1000 cDNAs randomly 
collected from each library, and constructed 
an EST database. The morphological 
changes and expression profiles from EST 
were compared during those four stages. 
Wing discs showed dynamic morphogenesis 
in 4~5 days during the preparatory stage 
of metamorphosis, which was under the 
control of an ecdysteroid. Different 
expression profiles were observed in each 
of the four different stages by comparison 
of each EST clone. These profiles reflected 
the morphological changes of the Bombyx 
wing disc during metamorphosis. The 
results of expression profiles from the 
four stages suggested that the V4 stage 
was cell-proliferating; W0 was proliferating 
and the beginning of differentiation; W2 
was morphologically changing; and W3 
was cuticle-secreting. The wing disc of B. 
mori is an exceptionally suitable system 
for understanding the relationship 
between morphological changes and the 
distribution of mRNA. 

5. Isolation of genes through the 
SilkBase catalog and microarray 
analysis 

 
5.1. Through the EST catalog 
 
5.1.1. BMWCPs 

The insect cuticle is constructed from 
many cuticle proteins with various 
combinations of different temporal and 
spatial patterns (Willis, 1996). To elucidate 
this further, mass isolation of cuticle 
protein genes and their characterization 
were performed through an EST database 
of the W3 stage (Takeda et al., 2001). 
Thirty-one clones of a cuticle protein gene 
were identified from among the 1050 EST 
clones; about 5% were cuticle protein genes 
in the W3-stage wing disc cDNA library. 
The sequence diversity of the deduced 
amino acid sequences of isolated Bombyx 
cuticle protein genes was examined along 
with the expression profiles. The deduced 
amino acid sequences of the nine cuticle 
protein genes contained a putative signal 
peptide at the N-terminal region and a 
very conserved hydrophilic region known 
as the R and R motif. The developmental 
expression of cuticle genes was classified 
into two types: pupation (five clones were 
expressed only around pupation) and 
pupation and mid-pupal (four clones were 
expressed around this stage). All of the 
isolated genes were expressed in the head, 
thoracic, and abdominal regions of the 
epidermis at different levels around 
pupation, but no expression was observed 
in the epidermis in the fourth molting 
stage. 
 
5.1.2 BmGRPs 

BmGRP genes have different expression 
profiles from BMWCP genes. To address 
these expression differences, the developmental 
profiles and responses to hormonal 
stimulation of BmGRP genes were 
examined, by comparing them to BMWCP 
genes (Zhong et al., in press). Three types 
of GRP (glycine-rich protein) cDNAs were 
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identified in the EST database of B. mori. 
These came from 21 ESTs in the W3-stage 
wing disc EST library. We named them 
BmGRP1, BmGRP2 and BmGRP3. BmGRP1 
and BmGRP2 had 57% identity in the 
deduced amino acid sequences. Expressions 
of all BmGRPs were observed in the 
epidermis in the fourth molting stage, and 
in the wing at pupation and mid-pupal 
stage. It is suggested that BmGRPs 
contribute to larval, pupal and adult cuticle 
formation together with other cuticle 
proteins. Transcripts of BmGRP2 increased 
after 7 days of the pupal stage. BmGRP2 
is suggested to be associated with 
construction of the adult trachea in the 
wing. Hormonal responses of BmGRPs 
were compared with those of another 
group of cuticle protein genes, BMWCPs. 
BmGRPs were induced by a pulse of 20E. 
Induction of BmGRP3 was observed in W1 
wing discs in the presence of JHA which 
was added with 20E, whereas that of 
BMWCP2 was inhibited in the presence of 
JHA. Induction of BmGRPs was observed 
in the wing discs of V3 and W1 stages, 
while that of BMWCP2 was not observed 
in V3 wing discs. These differences between 
BMWCPs and BmGRPs in response to 
hormones at different developmental stages 
are discussed. 
 
5.1.3. BmAcer 

A clone encoding a putative angiotensin- 
converting enzyme-related gene was isolated 
from the wing disc cDNA library of the 
silkworm, B. mori (Quan et al., 2001). The 
predicted open reading frame encoded 648 
amino acids with about 50% identities with 
the Drosophila melanogaster angiotensin- 
converting enzymes, Ance and Acer. 
Northern analysis identified a 2.2-kb 
mRNA which was abundant in wing discs 
2 days after the beginning of the 
wandering stage. An accumulation of the 
transcript was observed approximately 2 h 
after 20E exposure in vitro and was slightly 
blocked by a protein synthetic inhibitor. 
These data suggest that the transcription 

of the BmAcer gene is directly 20E- 
inducible. 
 
5.1.4. BmNEP-L 

In the process of comparing two 
cDNA libraries (W0 and W2), a clone 
from the wing discs of B. mori encoding a 
putative neutral endopeptidase 24.11-like 
gene was isolated (Zhao et al., 2001). The 
predicted open reading frame encoded 772 
amino acid residues, having about 53% 
identity with Drosophila GH07643, 36% 
with rat NEP, and 34% with rat ECE. 
This is the first NEP gene isolated in 
invertebrates. A 3.6-kb transcript was 
found to accumulate in the wing disc 
according to the increase in ecdysteroid 
titers during metamorphosis. Accumulation 
of the transcript was induced in wing 
discs with 20E about 20 h after 
incubation, which was inhibited by 
cycloheximide. This gene is ecdysone- 
inducible, appears to encode a functional 
protein, and may function during wing 
metamorphosis. 
 
5.1.5. Tubulins 

Four different types of β-tubulin and 
three types of α-tubulin were identified 
(Kawasaki et al., 2003). Among isotypes 
of β-tubulin, BMTUB3 has longer sequences 
than the other isotypes, from residues 56 
to 61 and including c-terminal sequences, 
which are similar to Drosophila β3-tubulin. 
BMTUB2 was ubiquitously observed in 
most cDNA libraries, while BMTUB1 
was observed in libraries of the BmN cell, 
compound eye, fat body, hemocyte and 
wing disc. BMTUB4 was observed in a 
testis cDNA library. Among isotypes of 
α-tubulin, BMTUA1 was detected in most 
cDNA libraries of B. mori, while BMTUA2 
was detected in brain, compound eye and 
wing disc S0 libraries. BMTUA3 was 
only detected in a testis library. 
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5.2 Through microarray analysis 
 
5.2.1. BMWCP10 

Microarray analysis was used to 
isolate an ecdysone upregulated cuticle 
protein gene from wing discs of B. mori 
(Noji et al., 2003). Transcripts of isolated 
cDNAs were identified by Northern blot 
analysis. Expression of the BMWCP10 
gene was observed during the W0~W3 
stage, and the strongest signal was 
observed in the W2 stage. In contrast, 
expression of the BMWCP2 gene was 
observed in the W3 and P0 stages. 
Expression of BMWCP10 was observed 
after 20E treatment, while that of 
BMWCP2 was observed after 20E 
removal in vitro. Induction of BMWCP10 
by 20E was observed in 30 min and was 
not inhibited by cycloheximide. Expression 
of BMWCP2 was observed within wing 
discs cultured for more than 18 h in a 
hormone-free medium after 20E removal. 
20E was required at least 4 h before 
removal for induction of BMWCP2. 
Induction of BMWCP2 required protein 
synthesis. Thus, different ecdysone-responsive 
cuticle protein genes in wing discs of B. 
mori were isolated. 
 
5.2.2. BmADAMs 

By microarray analyses, two genes 
(BmADAMTS-1 and BmADAMTS-like) 
encoding a protein, which were induced 
during pupal ecdysis in wing discs of B. 
mori, were identified (Ote et al., 2005a); 
these genes were homologous to ADAMTS 
family members (a disintegrin and 
metaloprotease domain, with thrombospondin 
type-1 repeats). A complete metal-binding 
motif of the ADAM-type metaloprotease 
domain (HEXXHXXGXXHD) was contained 
in both amino acid sequences. However, 
thrombospondin type 1 (TSP-1) repeats 
were observed only in BmADAMTS-1. 
The BmADAMTS-1 gene was expressed 
in hemocytes and the midgut of larvae on 
day 2 of the wandering stage (W2), and 
strongly induced during pupal ecdysis in 

the hemolymph. The BmADAMTS-like 
gene was expressed in epithelial tissues 
of the larvae on W2, and had expression 
peaks slightly later than the BmADAMTS-1 
gene. These results indicated that 
BmADAMTS-1 and BmADAMTS-like 
might cleave the extracellular matrix (ECM) 
when degenerating and remodeling tissues 
during the molting periods. 
 
5.2.3. BmCPA 

Using microarray analyses, a gene 
encoding carboxypeptidase A (BmCPA) 
was identified, which was induced during 
pupal ecdysis in the wing discs of B. mori 
(Ote et al., 2005b). The functional 
characterization of BmCPA showed that 
it had amino acid sequence similarities 
with the proteins in the carboxypeptidase 
A/B subfamily, from nematodes to humans. 
The BmCPA gene was expressed during 
molting periods in epithelial tissues. 
BmCPA was detected in the molting fluid, 
which fills the space between the old and 
new cuticle during molting. Western blot 
analysis showed that BmCPA was secreted 
as a zymogen and processed in the 
molting fluid. Recombinant BmCPA expressed 
in the insect cells had carboxypeptidase A 
activity. It was proposed that BmCPA 
degrades the proteins from the old cuticle 
during molting periods and contributes to 
recycling of the amino acids. 
 
Conclusions 
 

Wing discs show dynamic morphogenesis 
in 4-5 days during the preparatory stage 
of metamorphosis, which is under the 
control of an ecdysteroid. Different 
expression profiles were observed in each 
of the four different stages by comparison 
of each EST clone. These profiles reflect 
the morphological changes in the Bombyx 
wing disc during metamorphosis. The 
results of expression profiles from the 
four stages suggest that the V4 stage is 
cell-proliferating; W0 is proliferating and 
the beginning of differentiation; W2 is 
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morphologically changing; and W3 is 
cuticle secreting. 

We isolated nine cuticle protein 
genes, two peptidase genes and tubulin 
isotypes through the EST catalog, and 
one cuticle protein gene and two protease 
genes through microarray analysis. 
 
References 
 
Apple, R. T., and J. W. Fristrom. 1991. 

20-hydroxyecdysone is required for, 
and negatively regulates transcription 
of Drosophila pupal cuticle protein 
genes. Dev. Biol. 146: 569-582. 

Ashburner, M., C. Chihara, P. Meltzer, and 
G. Richard. 1974. Temporal control of 
puffing activity in polytene 
chromosomes. Cold Spring Harb. 
Symp. Quant. Biol. 38: 655-662. 

Ashburner, M. 1991. Puffs, genes and 
hormones revisited. Cell 61: 1-3. 

Besson, M. T., P. Chareyre, G. Deleage, J. 
Demont, B. Quennedey, A. Courrent, 
J. Fourche, and G. Bosquet. 1996. 
Isolation and characterization of 
Urbain, a 20-hydroxyecdysone-inducible 
gene expressed during morphogenesis 
of Bombyx mori wing imaginal discs. 
Roux’s Arch. Dev. Biol. 205: 333-343.  

Butler, M. J., T. L. Jacobsen, D. M. Cain, M. 
G. Jarman, M. Hubank, J. R. S. 
Whittle, R. Phillips, and A. Simcox. 
2003. Discovery of genes with highly 
restricted expression patterns in the 
Drosophila wing disc using DNA 
oligonucleotide microarrays. Development 
130: 659-670.  

Chareyre, P., C. Guillet, M. T. Besson, J. 
Fourche, and G. Bosquet. 1993. Genes 
expressed during the differentiation 
of the pupal wings are also 
transiently expressed during the 
larval moult in Bombyx mori. Insect 
Mol. Biol. 2: 239-246. 

Daimon, T., K. Hamada, K. Mita, K. Okano, 
M. G. Suzuki, M. Kobayashi, and T. 
Shimada. 2003. A Bombyx mori gene, 
BmChi-h, encodes a protein homologous 

to bacterial and baculovirus chitinases. 
Insect Biochem. Mol. Biol. 33: 131- 
137. 

Doctor, J., and J. W. Fristrom. 1985. 
Macromolecular changes in imaginal 
discs during postembryonic development. 
pp. 201-238. In: G. A. Kerkut, and L. 
I. Gilbert, eds. Comprehensive Insect 
Physiology, Biochemistry, and 
Pharmacology. Vol. 2, Pergamon Press, 
Oxford, UK. 

Fristrom, J. W., W. R. Logan, and C. 
Murphy. 1973. The synthetic and 
minimal culture of Drosophila 
melanogaster in vitro requirements 
for evagination of imaginal discs. Dev. 
Biol. 33: 441-456. 

Jiang, C., A. F. J. Lamblin, H. Steller, and 
C. S. Thummel. 2000. A steroid- 
triggered transcriptional hierarchy 
controls salivary gland cell death 
during Drosophila metamorphosis. 
Mol. Cell 5: 445-455. 

Kamimura, M., S. Tomita, and H. Fujiwara. 
1996. Molecular cloning of an ecdysone 
receptor (B1 isoform) homologue from 
the silkworm, B. mori, and its mRNA 
expression during wing disc development. 
Com. Biochem. Physiol. 113B: 341- 
347. 

Kato, Y., and L. M. Riddiford. 1987. The 
role of 20-hydroxyecdysone in stimulating 
epidermal mitoses during the larval- 
pupal transformation of the tobacco 
hornworm, Manduca sexta. Development 
100: 227-236. 

Kawasaki, H. 1998. Transition from larva 
to pupa: Morphogenesis, cell proliferation, 
and protein synthesis in Bombyx 
wing disc. Invertebr. Reprod. Dev. 34: 
101-108. 

Kawasaki, H., and Y. Iwashita. 1987. 
Development of the wing discs in the 
fifth larval instar of Bombyx. mori. J. 
Ser. Sci. Jan. 52: 89-98.  

Kawasaki, H., M. Ote, H. Okano, T. 
Shimada, G. X. Quan, and K. Mita. 
2004. Change in the expressed gene 
patterns of the wing disc during the 



 224  

metamorphosis of Bombyx mori. Gene 
343: 133-142. 

Kawasaki, H., K. Sugaya, G. X. Quan, J. 
Nohata, and K. Mita. 2003. Analysis 
of a- and b-tubulin genes of Bombyx 
mori using an EST database. Insect 
Biochem. Mol. Biol. 33: 131-137. 

Kiguchi, K., N. Agui, H. Kawasaki, and M. 
Kobayashi. 1985. Developmental 
time table for the last larval and 
pharate pupal stages of the silkworm, 
Bombyx mori, with the special 
reference to the relation between the 
developmental events and hemolymph 
ecdysteroid levels. Bull. Seric. Exp. 
Sta. 30: 83-100 (in Japanese). 

Klebes, A., B. Biehs, F. Cifuentes, and T. 
B. Kornberg. 2002. Expression profiling 
of Drosophila imaginal discs. Genome 
Biol. 3: 0038.1-0038.16. 

Krebs, K. C., K. L. Brzoza, and Q. Lan. 
2002. Use of subtracted libraries and 
macroarray to isolate developmentally 
specific genes from the mosquito, 
Aedes aegypti. Insect Biochem. Mol. 
Biol. 32: 1757-1767. 

Kurushima, M., and T. Ohtaki. 1975. 
Relationship between cell number 
and pupal development of wing disks 
in Bombyx mori. J. Insect Physiol. 21: 
1705-1712. 

Li, T. R., and K. P. White. 2003. Tissue- 
specific gene expression and ecdysone- 
regulated genomic networks in 
Drosophila. Devel. Cell 5: 59-72. 

Lynn, D. E., S. G. Miller, and H. 
Oberlander. 1982. Establishment of a 
cell line from lepidopteran wing 
imaginal discs: Induction of newly 
synthesized proteins by 20- 
hydroxyecdysone, Proc. Natl. Acad. 
Sci. USA 79: 2589-2593. 

Mandaron, P. 1973. Effects of α−ecdysone, 
β−ecdysone and inokosterone on the 
in vitro evagination of Drosophila leg 
disks and the subsequent differentiation 
of imaginal integmentary structures, 
Dev. Biol. 31: 101-113. 

Matsuoka, T., and H. Fujiwara. 2000. 
Expression of ecdysteroid-regulated 
genes is reduced specifically in the 
wing discs of the wing-deficient 
mutant (fl) of Bombyx mori. Dev. 
Genes. Evol. 210: 120-128. 

Mita, K., M. Morimyo, K. Okano, Y. Koike, 
J. Nohata, H. Kawasaki, K. 
Kadono-Okuda, K. Yamamoto, M. G. 
Suzuki, T. Shimada, M. R. Goldsmith, 
and S. Maeda. 2003. The construction 
of an EST database for Bombyx mori 
and its application. Proc. Natl. Acad. 
Sci. USA 100: 14121-14126. 

Natzle, J. E. 1993. Temporal regulation of 
Drosophila imaginal disc morphogenesis: 
a hierarchy of primary and secondary 
20-hydroxyecdysone-responsive loci. Dev. 
Biol. 155: 516-532. 

Natzle, J. E., A. S. Hammonds, and J. W. 
Fristrom. 1986. Isolation of genes active 
during hormone-induced morphogenesis 
in Drosophila imaginal discs. J. Biol. 
Chem. 261: 5575-5583. 

Noji, T., M. Ote, M. Takeda, K. Mita, T. 
Shimada, and H. Kawasaki. 2003. 
Isolation and comparison of different 
ecdysone-responsive cuticle protein 
genes in wing discs of Bombyx mori. 
Insect Biochem. Mol. Biol. 33: 671- 
679. 

Oberlander, H. 1985. The imaginal discs. 
pp. 151-182. In: G. A. Kerkut and L. 
I. Gilbert, eds. Comprehensive insect 
physiology, biochemistry, and 
pharmacology. Vol. 2, Pergamon Press, 
Oxford, UK. 

Ote, M., K. Mita, H. Kawasaki, M. 
Kobayashi, and T. Shimada. 2005a. 
Characteristics of two genes encoding 
proteins with an ADAM-type 
metaloprotease domain, which are 
induced during the molting periods in 
Bombyx mori. Arch. Insect Biochem. 
Physiol. 59: 91-98. 

Ote, M., K. Mita, H. Kawasaki, T. Daimon, 
M. Kobayashi, and T. Shimada. 2005b. 
Identification of molting fluid 
carboxypeptidase A (MF-CPA) in 



 Metamorphosis of the Wing Disc and an Expressed Sequence Tag  225 

Bombyx mori. Comp. Biochem. Physiol. 
141B: 314-322. 

Ote, M., K. Mita, H. Kawasaki, M. Seki, J. 
Nohata, M. Kobayashi, and T. 
Shimada. 2004. Microarray analysis 
of gene expression profiles in wing 
discs of Bombyx mori during pupal 
ecdysis. Insect Biochem. Mol. Biol. 34: 
775-784. 

Quan, G. X., E. Kanke, and H. Kawasaki. 
1998. Isolation and particular expression 
of a new b-tubulin gene in wing discs 
during metamorphosis of Bombyx 
mori. J. Ser. Sci. Jpn. 67: 43-50. 

Quan, G. X., K. Mita, K. Okano, T. 
Shimada, N. Ugajin, X. Zhao, N. Goto, 
E. Kanke, and H. Kawasaki. 2001. 
Isolation and particular expression of 
ecdysteroid-inducible angiotensin- 
converting enzyme-related gene in 
wing discs of Bombyx mori. Insect 
Biochem. Mol. Biol. 31: 97-103. 

Riddiford, L. M., and J. W. Truman. 1993. 
Hormone receptors and the regulation 
of insect metamorphosis. Am. Zool. 
33: 340-347.  

Szopa, T. M., J. J. L. Rousseaux, C. 
Yuncker, and G.M. Happ. 1985. 
Ecdysteroids accelerate mitoses in 
accessory glands of beetle pupae. Dev. 
Biol. 107: 325-336. 

Takeda, M., K. Mita, G. X. Quan, T. 
Shimada, K. Okano, E. Kanke, and H. 
Kawasaki. 2001. Mass isolation of 
cuticle protein cDNAs from wing 
discs of Bombyx mori and their 
characterizations. Insect Biochem. 
Mol. Biol. 31: 1019-1028. 

Thummel, C. S. 1995. From embryogenesis 
to metamorphosis: the regulation and 
function of Drosophila nuclear receptor 
superfamily members. Cell 83: 871- 
877. 

White, K. P., P. Hurban, T. Watanabe, and 
D. S. Hogness. 1997. Coordination of 
Drosophila metamorphosis by two 
ecdysone-induced nuclear receptors. 
Science 276: 114-117. 

Willis, J. H. 1996. Metamorphosis of the 
cuticle, its proteins, and their genes. 
pp. 253-282. In: L. I. Gilbert, J. R. 
Tana, and B. G. Atkinson, eds. Cell 
Biology: A series of monographs: 
Metamorphosis. Postembryonic 
reprogramming of gene expression in 
amphibian and insect cells, Academic 
Press, San Diego, CA. 

Zhao, X., K. Mita, T. Shimada, K. Okano, G. 
X. Quan, E. Kanke, and H. Kawasaki. 
2001. Isolation of a 20-hydroxyecdysone 
inducible neprilysin (neutral 
endopeptidase 24.11)-like gene and 
its expression in wing disc during the 
metamorphosis of Bombyx mori. 
Insect Biochem. Mol. Biol. 31: 1213- 
1219. 

Zhong, Y. S., K. Mita, T. Shimada, and H. 
Kawasaki. 2006. Glycine rich protein 
genes, which encode a major 
component of the cuticle, have 
different developmental profiles from 
other cuticle protein genes in Bombyx 
mori. Insect Biochem. Mol. Biol. 36: 
99-110. 

 
Received: November 2, 2005 
Accepted: June 1, 2006 



 226  

  
Hideki Kawasaki  Faculty of Agriculture, Utsunomiya University, 350 Mine, Utsunomiya, Tochigi 321-8505, Japan 

 
 
 

 
 

EST

EST 9

2 肽 ， 1

2  

 

 

 




