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Review

Genes that are involved in Bombyx body plan
and silk gene regulation

YOSHIAKI SUZUKI'

National Institute for Basic Biology, Department of Developmental Biology, Myodaiji, Okazaki City, Japan

ABSTRACT I have summed up how silk gene regulation studies in Bombyx morihave been carried
out. This process has brought me naturally to realize the importance of understanding the Bombyx
body plan in comparison with the body plans of other organisms. Although their current status
remains preliminary. I have tried to summarize the ongoing projects and to reveal future problems to
be answered.

KEY WORDS: Bombyx mori, bod)"Ilian, silk gland. regulator)' gem's, tissue specific gelle.~

Summing up of past studies

Mendel's law was first confirmed in the animal kingdom with
Bambyx mari (Toyama, 1906). Immediately afier Ihis report the
same author described an anatomical analysis of silk gland devel-
opment in B. mar; embryos (Toyama, 1909). These pioneering
studies were foHowed by enormous amount of silkworm genetics
describing several hundred mutants on various genetic traits (see
Tanaka, 1952; Tazima, 1964; Chikushi, 1972). Among these the
studies on the homeotic mutants of E loci were superb (Sasaki,
1930; Suzuki and Ohta, 1930; Hashimoto, 1930, 1941; Itikawa,
1943,1944,1952; Tazima, 1964), and were pioneering works on
the body plan, some of which will be referred to in later sections.
Molecular biology was first introduced to the organism when the
messenger RNA for silk fibroin was isolated from the posterior
portion of silk gland and identified by its partial sequence analysis
(Suzuki and Brown, 1972), the first chemically identified messen-
ger RNA in eukaryofes.

Upon the isolalion of fibroin mRNA the first biological question
asked was whether fhere were any specific gene amplification
events in the processes of cell differentiation (Suzuki el a/., 1972),
since there was an example of amplification of rDNA in the oocytes
of Xenopus and a few other organisms (Brown and Dawid, 1968).
The silk fibroin gene transcribed specifically in the posterior silk
gland was detecled by hybridization of Ihe pure mRNA to the
genomic DNAs (Suzuki et al., 1972). There was no such amplifica-
tion of the gene; its concentration was constant in the producing
tissue and non-producingtissues corresponding to 1-3 genes per
haploid genome (Suzuki et a/., 1972), and later it was determined
to be a single copy gene (Gage and Manning, 1976).

The next question asked was whether there were any structural
changes of the gene during the differentiation processes, as in the
case of immunoglobulin genes (Hozumi and Tonegawa. 1976;
Bernard el a/.. 1978). The fibroin gene was cloned (Ohshima and

Suzuki, 1977) and sequenced; there was no structural difference
between the genes from the producing tissue and non-producing
tissue (Tsujimoto and Suzuki. 1979a,b; Suzuki and Adachi, 1984).
Not even a methylation modification difference was found in the
natural fibroin genes purified without using the cloning procedure
from the producer tissue and non-producer tissue (Tsujimoto and
Suzuki,1984),

Laler, the fibroin light chain gene expressed coordinately with
the fibroin (heavy chain) gene was cloned and characterized
(Yamaguchi et al., 1989; Hui et a/., 1990b).

Knowing the constancy of the fibroin gene during silk gland
differentiation, our attention was forwarded to the analysis of
elements and factors involved in transcription regulation. Tran-

scription studies of the fibroin gene were initiated by measuring the
mRNA expression pattern (Suzuki and Suzuki, 1974; Suzuki and
Giza, 1976; Maekawa and Suzuki, 1980) and followed by the
development and use of cell-free transcription systems (Tsuda and
Suzuki. 19B1, 1983; Tsujimoto ela/., 1981; Hirose ela/., 1982,
1984, 1985; Tsujimoto and Suzuki, 1984; Tsuda et al., 1986;
Suzuki el al.. 1986, 1990; Hirose and Suzuki. 1988; Obara and
Suzuki, 1988; Takiya and Suzuki, 1989, 1993; Hui and Suzuki,
1989; Takiya elal., 1990) and a transfection cell system (Tokunaga
et al.. 1984). It should be emphasized that the cell-free extracts
from the silk gland (Tsuda and Suzuki, 1981) were the first example
of tissue extracts which can transcribe genes faithfully reflecting
appropriafe regulations (Suzuki et al., 1986, 1990); even a differ-
ential transcription of the fibroin gene and the sericin-I gene has
been accomplished in these extracts (Suzuki et al.. 1990).

The sericin (Okamoto et a/.. 1982; later renamed as sericin-I)
and sericin-2 (Michaille et al., 1990) genes transcribed specifically
in the middle portion of the silk gland were cloned and sequenced.
Transcription studies of the sericin-1 gene were carried out also in
the cell-free systems (Obara and Suzuki, 1988; Hui and Suzuki,
1989; Malsuno el al., 1989, 1990; Suzuki el a/.. 1990),
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These studies in the cell-tree systems indicated approximate
locationsof cis-actingelements on both the fibroin and sericin-1
promoters. The DNase I tootprint and gel shift assays with the wild
type as well as mutant oligonucleotides indicated precise locations
and important nucleotides of cis-acting elements in the promoters
and the presence of trans-acting tactors in the silk gland extracts
(Suzuki and Suzuki, 1988, 1991a,b; Matsuno et al., 1989, 1990;
Hui etal., 1990a,b; Takiya and Suzuki, (993).

Fibroin factor 1, which is presumed to functionon the enhancer
I of fibroin gene under the co-existence of fibroin factor 2, was
purified and characterized (Suzuki et al., 1991 a,b; Ohno, unpub-
lished). Another transcription factor, SGF-I, which is presumed to
function on both proximal promoter regions of the fibroin and
sericin-! genes (Hui et al., 1990a; Matsuno et al., 1990), has been
puritied and sequenced (Mach, unpublished data). Another factor,
OBF-I, which binds to octamer-like sequences in the enhancer II
of the fibroin gene (Takiya et al., (990), has also been partially
purified (Takiya, unpublished). Currently we plan to clone these
factors. Recently, the SGF-1 was identified as a fork head homolog
(Mach and Takiya, unpublished data). SGF-3 binds to the sericin-
1 gene at the SC region accommodating a sequence for an
octamer-binding protein (Matsuno et al., 1989, 1990; Hui et al.,
1990a) and is presumed to be a key factor to stimulate transcription
of the gene (Matsuno et al., 1990). Its cDNA was cloned from the
middle silk gland, sequenced, and named POU-MI (Fukuta et al.,
1993) because of its accommodation of a POU domain identical
with that of Drosophila Cfl-a (Johnson and Hirsh, 1990). A genomic
DNA fragment encompassing the whole coding region of POU-M 1
as well as the fianking regions was cloned and sequenced (Xu et
al., 1994a). Using the cell-free transcription system from the middle
silk gland, several positive and negative cis-acting elements of the
POU-Ml promoter have been determined (Xu et al., 1994a). POU-
M 1 protein binds to the PB region of the promoter and suppresses
its transcription indicating a negative autoregulation of the gene.

Based on these studies in the past we are currently trying to
understand 1) the Bombyx body plan for its specificity and gener-
ality and 2) the mechanism determining the labial segment identity

so that the silk gland can be induced in the labial segment and
differentiatedto result in the tissue-specific transcription of the
fibroin and sericin-1 genes.

Current and future problems

Bombyx body plan genes
The more we understand the regulation hierarchy of the silk

gene transcription, the more we realize the importance of knowing
the body plan in Bombyx, under which a specific part of the body,
the silk gland, is determined for its fate and specialized. Among
many of the important candidate genes for body plan we have
begun characterizing homologs of caudal (Xu et al., 1994b),
engrailed, invected (Hui el al., 1992), Wnt-l (Amanai el al., in
preparation), Antennapedia (Hui et al., 1992; Nagata et al., in
preparation), Deformed, Sex combs reduced (Kobubo et al., in
preparation), Cfl-a (Fukuta et al., 1993; Xu et al., 1994a), fork head
(Takiya, unpublished), U/lrabithorax, abdominal-A, and Abdomi-
na/-B (Ueno et al., 1992).

Clones containing whole open reading frames of Bombyx cau-
dal (Bm cad) were isolated from a cDNA library of Bombyxembryos
(Xu et al., 1994b). We are interested in studying the nature of the
Bm cad for two reasons; (1) there are still no reports on the maternal
genes at the top of hierarchy in insects other than the long germ

band type (Drosophila), and (2) there is no direct molecular
identification on the concentration gradient spanning anteroposterior
axis in insects other than Drosophila (Gehring, 1973; NOsslein-
Vol hard, 1979; Mlodzik et al., 1985; Mlodzik and Gehring, 1987;
Driever and NOsslein-Volhard, (988). Northern hybridization with
a Bm cad probe revealed the presence at single maternal transcript
of 2.3 kb. A stronger signal of the transcripts was detected from the
unfertilized eggs to the embryos 36 h after deposition. The tran-
scripts decreased rapidly by 48 h and a weak signal was main-
tained until hatching. In silu hybridization experiments revealed
that Bm cad transcripts were firstly accumulated in the nurse cells
and transferred into the oocyte (Xu et al., 1994b). The Bm cad
mRNA and protein form concentration gradients spanning
anteroposterior axis during the gastrulation stage (Xu et al., 1994b),
while the mRNA and protein of Drosophila cad reveal the corre-
sponding expression profile during the syncytial blastoderm stage
(Mlodzik et al., 1985; Mlodzik and Gehring, 1987); a clear differ-
ence in the body plans of Drosophila and Bombyx. What kind of a
cascade modification would be produced under this difference?

From a morphological analysis, the Bombyx embryos seem to
belong to either intermediate or short germ band type; a stage-6 (36
h) embryo reveals a non-segmented morphology at the presumed
head, gnathocephalon, and thorax regions and an ambiguous
growing morphology at the future abdominal region (Takami and
Kitazawa, 1960; Amanai, unpublished). By stage 16 (48 h) the
embryo is very much elongated by growth and segmented from
head to tail. This point should become clearer when we use
homologs of engrailed and Wnt-1 as markers to analyze the
segmentation processes (Kornberg et al., 1985; Heuvel et al.,
1989; Patel, 1993). Since we already had Bombyx engrailed (Bm
en) cDNA from the middle silk gland (Hui et al., 1992), we cloned
Wnt-l homolog from a cDNA library of Bombyx embryos (Amanai
el ai., in preparation). Upon in situ hybridization of a Bm en probe,
the first stripe appeared at 24 h in the anterior region, and 3 stripes
followed slightly after 24 h in the anterior and middle regions ot the
embryo. About 8 stripes were detected in the anterior haif of the
embryo at 36 h, leaving the posterior half with no signals, and about
17 stripes were observed in the entire region of the elongated
embryo af 48 h. Later, most of these stripes disappeared from the
anterior and middle regions, leaving a few stripes in the posterior
region (Amanai et al., in preparation). The appearance of Bombyx
WNT-1 protein in stripes together with a wider band in the growing
region of the embryo preceded the expression of the Bm en
(Amanai et al., in preparation). Based on these observations and
the morphological appearance, we conclude that the Bombyx
embryo is clearly different from the long germ band type like
Drosophila and belongs to either the intermediate or short germ
band type (Patel, 1993); further studies are necessary to decide
which type.

Several Bombyx homologs of the homeobox genes that specify
the segment identities have been cloned and studied. Bombyx
Deformed and Sex combs reduced are expressed in the mandibu-
lar and maxillary segments and the labial segment, respectively
(Kokubo et al., in preparation), which will be referred to again in the
following section in relation with silk gland development. Bombyx
Antennapedia (Bm Antp) was first found to be expressed strongly
in the larval middle silk gland (Hui et al., 1992; Hui and Suzuki,
1994; Nagata et al., submitted), which will also be described in the
following secfion. Recently we found that the Ncmutation (Itikawa,
1943, 1944, (952) was caused by a partial deletion of Bm Antp
(Nagata et al., submitted). The NclNc embryos reveal a partial



fusion ofthe prothorax and the mesothorax (Itikawa, 1952; Nagata
et al., submitted), transformation of legs in the prothorax into
antennae, and an abnormal morphology at the gnathocephalon
region (Nagata et al., sUbmitted). The last abnormality is associ-
ated with a dwarf development of the silk gland from the labial
segment.

The E loci in B. mori contain homeotic genes specifying the
identities of the larval abdominal segments (Hashimoto, 1941;
Itikawa, 1943; 1944, 1952; Tazima, 1964). This homeotic gene
complex possibly consists of Bombyx Ultrabithorax (Bm Ubx),
abdominal-A (Bm abd-A), and Abdominal-B (Bm Abd.B) (Ueno et
al., 1992), and is thought to be located on the 0.0 locus of the sixth
chromosome linkage group, and over 30 types of mutations were
found. All of these mutations are dominant and induce ectopic
expression of the markings or the legs in the abdominal segments.
Most of the mutations in the Ecomplex are lethal in the homozygous
condition. Recently, we found (Ueno et al., 1992) that the Bm
abd-A gene is delefed in the ~a chromosome (Itikawa, 1943,
1952), and Bm abd-A and Bm Ubx genes are deleted in the E"
chromosome (Itikawa, 1943, 1952). Morphologically, ~a/~a
embryos lack all of the abdominal legs which should be formed in
A3-A6 segments of the wild type embryos (ltikawa, 1943, 1952).
Now we interpret that this is caused by the deletion of Bm abd-A
gene in the ~a/~aembryos transforming the A3-A6 segments into
AI fype segments. Additional deletion of the Bm Ubx gene in the
ENIENembryos causes transformation of all fhe abdominal seg-
ments into metathorax type segments with thorax type legs except
the A8 segment which reveals intermediate type legs (Ueno et al.,
1992). The distance between the Nclocus which probably belongs
to Bombyx Antennapedia complex (Nagata et al., submitted) and
one of the genes in the Eloci (Bombyx Bithoraxcomplex; Ueno et
al., 1992) was estimated to be about 1.4 cM (1Iikawa, 1952).

One of the gross morphological differences between Drosophila
and Bombyx embryos is the lack of leg formation in Drosophila
embryos. It is probably not a lack of gene cascade responsible for
the leg formation in Drosophila because Drosophila adults have an
ability to form the thorax legs. In this sense it is quite interesting to
study the mechanism of leg formation in Bombyx embryos. We
have begun searching for the target genes of Bm abd-A, some of
which are supposed to be regulatory andlor structural genes
constructing the abdominal legs (Ueno, unpublished).

Genes involved In silk gene regulation
In Bombyx embryos the salivary gland (Tanaka, 1928) and the

silk gland (Toyama, 1909; Nunome, 1937) develop in the mandibu-
lar segment and the labial segment, respectively, while in Dro-
sophila only the salivary gland develops in the labial segment.
What would cause this difference? To answer this question and
decipher the regulation network, especially in the Bombyx labial
segment, we have begun the following studies.

In Drosophila embryos the Scr gene is expressed in the labial
segment (Martinez-Arias et al., 1987), the salivary gland formation
is disturbed in Scrmutants, and ectopic salivary glands are induced
by a forced expression of introduced Scrgene (Panzer et al., 1992).

Therefore, the Scr is essential for salivary gland induction and
belongs to an upper part of the cascade required for salivary gland
formation. The in situ hybridization signals of Bombyx Deformed
(Bm Did) are detected in the mandibular and maxillary segments

at around 36-48 h of development. The Bombyx Sex combs
reduced (Bm Scr) expression appears in the ectoderm of the labial
segmentslightly later than the Bm Dfdexpression (H. Kokubo et al.,
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in preparation). Interestingly, atstage 19, when the silk gland starts
to invaginate (Toyama, 1909; Nunome, 1937; Takami and Kitazawa,
1960), the Bm Screxpression is suppressed at the invagination site
leaving fhe expression in other regions of the labial segment.

Since the POU-Mt was thought to be a homolog of Drosophila
Cft-a, it has remained enigmatic that the POU-Mt is expressed in
the silk gland and controls the sericin-1 gene transcription (Fukuta
et al., 1993). The expression of the POU-Mt in Bombyx embryos
was studied by in situ hybridization (P-X. Xu, unpublished). To our
surprise the POU-Mt was expressed first at stage 18-19 specifi-
cally at the site of the silk gland invagination in the labial segment,
and the expression region was expanded inwardly along with the
silk gland development. It was only at stage 22 when the POU-Mt
signal was observed in the neural cells as expected for the Cft-a
homolog. It would be interesting 10 find out whether the POU-Ml
has diverged to play dual or more functions specifically in Bombyx
or whether other functions of the Cf1-a remain to be detected in
Drosophila. The disappearance of the Bm Scr in the invagination
site seems to be complemented by the strong expression of the
POU-Mt. Does the Bm Scrcontrol the POU-Mt or is the Bm Scr
controlled by the POU-Mt?

The elements that can serve as binding motifs for homeo- or
POU-domain containing proteins were detected in the silk gene
promoters (Hui and Suzuki, 1990; Hui et al., 1990a,b; Matsuno et
al., 1990),and actually Bmen, Bmin, BmAmp(Hui etal., 1992) and
POU-M7 (Fukuta et al., 1993) cDNAs were cloned from middle silk
gland libraries. Analysis of Bm Antpexpression in the silk glands of
the wild type and the Nd+ larvae resulted in the discovery that the
Nc mutation is caused by a partial deletion of Bm Antp at around
the homeobox region (Nagata et al., submitted). Now we know that
the POU-Ml is expressed at the exact time when the silk gland
begins its development and continues to be expressed throughout
silk gland development, and the silk gland development is severely
disturbed by the 8m Antp mutation. In situ hybridization experi-
ments with a Bm Antp probe indicated that a stronger expression
centers around the thorax region but a weaker expression extends
into the labial segment as well as the abdominal segments at stage
18 (X. Xu, unpublished). The expression in the labial segment is
restricted to the posterior half by stage 19, and is no longer
detectable at stage 20. These results also suggest that the Bm Antp
plays important roles in silk gland development.

By the time that more transcription factors of the silk gene
regulation are cloned and the regulation cascades were deci-
phered, we will clearly understand how the labial segment is
specified to form and develop the silk gland and how the tissue-
specific expression of the silk genes is controlled.

Acknowledgments
I wish to acknowledge my gratitude to the past and current members of

the laboratory for their contributionsto the main body of informationin the
present review. Special thanks are also due to them for their willingness to
permit me to cite their unpublished results, and to Etsuko Suzuki, Michiko
Sasaki, Miyuki Ohkubo. Chikako Inoue and Junko Watanabe for their
technical assistance for many years.

References

BERNARD. 0.. HOZUMI, N. and TONEGAWA, S. (1978). Sequences of mouse
immunoglobulin light chain genes before and after somatic changes. Cell 15:

'133~"44.

BROWN. D.O. and DAWID. LB. (1968). Specific gene amplification in oocytes.
Science 160: 272-280.

----



234 Y. 511:lIki

CHIKUSHI, H. (Ed.) (1972). Genes and Genetical Stocks of the Silkworm. Keigaku
Pub!. Co., Tokyo.

DAIEVER, W. and NOSSLEINNOLHARD. C. (1988). A gradient of bicoid protein in
Drosophila embryos. Cell 54: 83-93.

FUKUTA, M., MATSUNO, K., HUI, C.C., NAGATA, T.. TAKIYA, S., XU, P-X., UENO,
K., and SUZUKI, Y. (1993). Molecular cloning of a POU domain-containing factor
involved in the regulation at the Bombyxsericin-1 gene. J. Bioi. Chern. 268:19471-
19475.

GAGE. L.P. and MANNING, R.F. (1976). Determination of the multiplicity of the silk
fIbroin gene and detection of fibroin gene-related DNA in the genome of Bombyx

morilo J. Mol. 8iol. 101:327.348.

GEHRING, W.J. (1973). Genetic control of determination in the Drosophila embryo.
In Genetic Mechanisms of Development. 31 st Symposium of the Society of
Developmental Biology (Ed. F. Ruddle). Academic Press, New York, pp. 103-12S.

HASHIMOTO, H. (1930). Hereditary superfluous legs in the silkworm. Jpn. J. Genet.
6: 45-54. (In Japanese).

HASHIMOTO, H. (1941). linkage studies in the silkworm. Bull. Seric. Exp. Sta. Jap.
10:328-363. (In Japanese with English summary).

HEUVEL, M.V.D., NUSSE, A., JOHNSTON. P. and LAWRENCE, P.A. (1989).
Distribution of the wingless gene product in Drosophila embryos: a protein
involved in cell.cell communication. Cell 59: 739-749.

HIROSE, S. and SUZUKI, Y. (1988). In vitro transcription of eukaryotic genes is
affected dilterently by the degree of DNA supercoiling. Proc. Nat!. Acad. Sci. USA
85:718-722.

HIROSE, S., TAKEUCHI, K. and SUZUKI, Y. (1982). In vitro characterization of the
fibroin gene promoter by the use of single.base substiMion mutants. Proc. Natl.
Acad. Sci. USA 79: 7258.7262.

HIROSE, S., TAKEUCHI, K., HORI, H., HIROSE, T., INAYAMA, S. and SUZUKI, Y.
(1984). Contact points between transcription machinery and the fibroin gene
promoter deduced by functional tests of single-base substitution mutants. Proc.
Natf. Acad. Sci. USA 81: 1394-1397.

HIROSE, S., TSUDA, M. and SUZUKI, Y. (1985). Enhanced transcription of fibroin
gene in vitro on covalently closed circular templates. J. Bioi. Chem. 260: 10557-

10562.

HOZUMI, N. and TONEGAWA, S. (1976). Evidence for somatic rearrangement of
immunoglobulin genes coding for variable and constant regions. Proc. Natf. Acad.
Sci. USA 73: 3628-3632.

HUI, CoCo and SUZUKI, Y. (1989). Enhancement of transcription from the Ad2 major
late promoter by upstream elements of the fibroin- and sericin- t -encoding genes
in the silk gland extracts. Gene 85: 403-411.

HUI, CoCo and SUZUKI, Y. (1990). Homeodomain binding sites in the promoter region

01 silk protein genes. Dev_ Growth Differ. 32: 263-273.

HUI, CoCo and SUZUKI, Y. (1994). Regulation of the silk protein genes and the

homeobox genes in silk gland development In Molecular Mooel Systems in the
Lepidoptera (Eds. M.R. Goldsmith and A.S. Wilkins). Cambridge University Press,
New York. (In press).

HUI, C-C., MATSUNO, K. and SUZUKI, Y. (1990a). Fibroin gene promoter contains
a cluster of homeodomain binding sites that interact with three silk gland factors.
J. Mol. Bioi. 213:651-670.

HUI, C-C., MATSUNO, K., UENO, K. and SUZUKI, Y. (1992). Molecular characteri-
zation and silk gland expression 01 Bombyx engraiiedand invectedgenes. Proc.
Natl. Acad. Sci. USA 89: 167-171.

HUt, C-C., SUZUKI, Y., KIKUCHI, Y. and MIZUNO, S. (1990b). Homeodomainbinding
sites in the S'flanking region olthe Bombyx morlsifk fibroin light-chain gene. J. Mol.
Bioi. 213: 395-398.

ITIKAWA, N. (1943). Genetical and embryological studies of a dominant mutant, 'new
additional crescent', of the silkworm. Jpn. J. Genet. 19: 182-188. (In Japanese with
English summary).

ITIKAWA, N. (1944). Ncmutation locus mapped in the 8th chromosome likage group
of Bombyx morl. Toh-3 Sen.i Soh-ran 15 (2): 1-6. (in Japanese).

ITIKAWA, N. (1952). Genetical and embryological studies on the E-multiple alleles in
the silkworm, Bombyx moriL. Bu/!. Sericcult. Exp. $ta. 14:23-91. (In Japanese
with English summary).

JOHNSON, WA and HIRSH, J. (1990). Bindingot a DrosophilaPOU-domainprotein

to a sequence element regulating gene expression in specific dopaminergic
neurons. Nature 343: 467-470.

KORNBERG, T., SrDEN, I., O'FARRELL, P. and SIMON, M. (1985). The engrailed
locus of Drosophila: in situ localization of transcripts reveals compartment-specific
expression. Cell 40: 45-53.

MAEKAWA, H. and SUZUKI, Y. (1980). Repeated turn-off and turn-on offibroingene
transcription during silk gland development of Bombyx morl. Dev. Bioi. 78: 394-
406.

MARTINEZ-ARIAS, A., INGHAM, p.w., SCOTT, M.P., and AKAM, M.E. (1987). The
spatial and temporal deploymenl of Old and Scr transcripts throughout develop-

ment of Drosophila. Development 100: 673-683.

MATSUNO, K., HUI, C.C., TAKIYA, S., SUZUKI, T., UENO, K., and SUZUKI, Y.
(1989). Transcriptional signals and prolein binding sites for sericin gene transcrip-

tion in VItro. J. BioI. Chem. 264: 18707-18713.

MATSUNO, K., TAKIYA, S., HUI, C-C., SUZUKI, T., FUKUTA, M., UENO, K. and
SUZUKI, Y. (1990). Transcriptional stimulation via SC site ot Bombyx sericin-1
gene through an interaction with a DNA binding protein SGF-3. NucleicAcids Res.

18: 1853-1858.

MICHAlllE, J-J.. GAREL, A. and PRUDHOMME, J-C. (1990). Cloning and charac-
terization of the highly polymorphic Ser2gene of Bombyx morl. Gtjfle 86: 177-184.

MLODZIK, M. and GEHRING, W.J. (1987). Expression olthe caudalgene in the germ
rine of Drosophila: lormation of RNA and protein gradient during earry
embryogenesis. Cell 48: 465-478.

MlODZIK, M., FJOSE, A. and GEHRING, W.J. (1985). Isolation of caudal, a
Drosophila homeobox-containing gene with maternal expression, whose tran-
scripts form a concentration gradient at the preblastoderm stage. EMBO J. 4:

2961-2969.

NUNOME, J. (1937). The silk gland development of Bombyx mori. Bull. Appl. Zool. 9:

68-92. (In Japanese).

NOSSlEIN-VOLHARD, C. (1979). Maternal eHect mutations that alter the spatial
coordinates otthe embryo of Drosophila melanogaster.ln Detennination of Spatial
Organization (Eds. S. Subtelny and I.R. Kornberg). Academic Press, New York,
pp.185-211.

OBARA, 1. and SUZUKI, Y. (1988). Temporal and spatial control of silk gene

transcription analyzed by nuclear run-on assays. Dev. Bioi. 127:384-391.

OHSHIMA, Y. and SUZUKI, Y. (1977). Cloning of the silk fibroin gene and its lIanking
sequences. PrQC. Natl. Acad. Sci. USA 74: 5363-5367.

OKAMOTO, H., ISHIKAWA, E. and SUZUKI, Y. (1982). Structural analysis of sericin
genes. J. BioI. Chem. 257: 15192-15199.

PANZER, S., WEIGEL, D. and BECKENDORF, S.K. (1992). Organogenesis in
Drosophila melanogaster. embryonic salivary gland determination is controlled by
homeotic and dorsoventral patterning genes. Development 114: 49-57.

PATEL, N.H. (1993). Evolution of insect pattern formation: a molecular analysis of
short germband segmentation. In Evolutionary Conserva1ion of Developmental
Mechanisms (Ed. A.C. Spradling). Wiley-Liss, New York.

SASAKI, S. (1930). Genetical studies of a mutant, supernumerary legs In the
silkworm. J. Serlc. Sci. Jap. 1: 87-102. (In Japanese).

SUZUKI, K. and OHTA, S. (1930).lnheritarx:e of an -additional crescent" mutation in
the silkworm. Jpn. J. Genet. 6: 1-13. (In Japanese).

SUZUKI, T. and SUZUKI, Y. (19B8).lnteraction of composite protein complex with the
fibroin enhancer sequence. J. Bioi. ChBm. 263: 5979-5986.

SUZUKI, T., MATSUNO, K., TAKIYA, S., OHNO, K., UENO, K. and SUZUKi, Y.
(1991 a). Purification and characterization of an enhancer-binding protein of the
fibroin gene. I. Complete purification of fibroin factor 1. J. Bioi. Chem. 266: 16935-
16941.

SUZUKI, T., TAKIYA, S., MATSUNO, K., OHNO, K., UENO, K. and SUZUKI. Y.
(1991 b). Purification and characterization of an enhancer.binding protein of the
fibroin gene. II. Functional analysis of fibroin factor 1. J. Bioi. Chem. 266: 16942-
16947.

SUZUKI, Y. and ADACHI, S. (1984). Signal sequences associated with libroin gene
expression are identical in fibroin-producer and -nonproducer tissues. Dev.
Growth Differ. 26: 139-147.

SUZUKI, Y. and BROWN, D.O. (1972). Isolation and identification of the messenger
RNA for silk fibroin from Bombyx morl. J. MoJ. Bioi. 63: 409-429.

SUZUKI, Y. and GIZA, P.E. (1976). Accentuated expression of silk fibroin gene in vivo
and in vitro. J. Mol. Bioi. 107: 183-206.

SUZUKI, Y. and SUZUKI, E. (1974). Ouantitative measurements of fibroin messenger
RNA synthesis in the posterior silk gland of normai and mutant Bombyx morL J.
Mol. BioI. 88: 393-407.

SUZUKI, Y., GAGE, l.P. and BROWN, D.O. (1972). The genes tor fibroin in Bombyx
morl. J. Mol. Bioi. 70: 637-649.

SUZUKI, Y., OBARA, T., TAKIYA, 5., HUI, C-C., MATSUNO, K., SUZUKI, T.,
SUZUKI, E., OHKUBO, M. and TAMURA, T. (1990). DiHerentialtranscription of
the fibroin and sericin-1 genes in cell-free extracts. Dev. Growth Differ. 32: 179-
187.



SUZUKI, Y., TSUDA, M., TAKIYA, S., HIROSE, S., SUZUKI, E., KAMEDA, M. and
NINAKI, 0. (1986). Tissue-specific transcriplion enhancement of the fibroin gene
characterized by cell.free systems. Proc. Natf. Acad. Sci. USA 83: 9522-9526.

TAKAMI,T. and KITAZAWA, T. (1960). Developmentaltableof Bombyxmon'embryo.
Tech. Bull. Serlcult. Exp. Sta. 75: 1-31. (In Japanese).

T AKIY A, S. and SUZUKI, Y. (1989). Factors involved in preferential transcription of the
fibroin gene. Eur. J. Blochem. 179: 1-9.

TAKIYA, S. and SUZUKI, Y. (1993). Role of core promoter lor the prelerential
transcription of fibroin gene in the posterior silk gland extract. Dev. Growth Differ.
35:311-321.

TAKIYA,S., HUI, CoCoand SUZUKI, Y. (1990). Acontribution of the core-promoter and
its surrounding regions to the preferential transcription of the fibroin gene in
posterior silk gland extracts. EMBO J. 9: 489-496.

TANAKA, Y. (1928). The Anatomical Studies of Bombyx mod. MeibundO Press,
Tokyo. (In Japanese).

TANAKA, Y. (Ed.) (1952). The Genetics of Bombyx mori. Shokabo Press, Tokyo. (In
Japanese).

TAlIMA, Y. (1964). The Gr:meticsof the Silkworm. Logos Press and Academic Press,
London.

TOKUNAGA, K.. HIROSE, S. and SUZUKI, Y. (1984). In monkey CDS cells only TATA
box and the cap site region are required for faithful and efficient initiation at the
fibroin gene transcription. Nucleic Acids Res. 12: 1543-1558.

TOYAMA, K. (1906). Mendel's law of heredity as applied tothe silkworm crosses. Bioi.
Zbl. 26: 321-334.

TOYAMA, K. (1909). The Studies on Bombyx mod Eggs. Maruyama-sha Press,
Tokyo. (In Japanese).

TSUDA, M. afld SUZUKI, Y. (1981). Faithful transcription initiation of fibroin gene in
homologous cell-free system reveals an enhancif1g effect of 5'Ilanking sequence
far upstream. Ce!l27: 175-182.

Gelles for body plall alld regulatioll ill Bomhyx 235

TSUDA,M. and SUZUKI, Y. (1983). Transcription modulation in vitro01 the fibroin
gene exerted by a 200.base pair region upstream from the.. TATA.. box. Proc.

Naff. Acad. Sci. USA 80:7442.7446.

TSUDA, M., HIROSE, S. and SUZUKI, Y. (1986). Participation of the upstream region
of the fibroin gene in the lormation of transcription complex in vitro. Mol. Cell. Bioi.

6: 3928-3933.

TSUJIMOTO, Y. and SUZUKI, Y. (1979a). Structural analysis of the fibroin gene at the

5' end and its surrounding regions. Celf 76: 425-436.

TSUJIMOTO, Y. and SUZUKI, Y. (1979b). The DNA sequence of Bombyx mon'flbroin
gene including the 5' flanking, mANA coding, entire intervening and fibroin protein
coding regions. Cell 18: 591-600.

TSUJIMOTO, Y. and SUZUKI, Y. (1984). Natural fibroin genes pUrified without using
cloning procedures Irom fibroin.producing and nonproducing tissues reveal
indistinguishable structure and function. Proc. Natl. ACdd. Sci. USA 81: 1644-
1648.

TSUJIMOTO, Y.. HIROSE,S., TSUDA, M. and SUZUKI, Y. (1981). Promoter
sequence of fibroin gene assigned by in vitro transcription system. Proc. Nat!.
Acad. Sci. USA 78: 4838.4842.

UENO, K., HUI, C.C., FUKUTA, M. and SUZUKI, Y. (1992). Molecular analysis 01 the
deletion mutants in the E homeotic complex of the silkworm Bombyx mori.
Development 714: 555-563.

XU, P-X., FUKUTA, M., TAKIYA, S., MATSUNO, K., XU, X. and SUZUKI, Y. (1994a).

Promoter of the POU-MlISGF-3gene invOlved in the expression of Bombyx silk
genes. J. Bioi. Chem. 269:2733-2742.

XU, X., XU, poX. and SUZUKI, Y. (1994b). A materna! homeobox gene, Bombyx
caudal, forms both mRNA and protein concentration gradients spanning
anteroposterior axis during gastrulation. Developmenr 120: 277-285.

YAMAGUCHI, K., KIKUCHI. Y., TAKAGI. T., KIKUCHI,A., OYAMA, F., SHIMUAA,K.

and MIZUNO, S. (1989). Primary structure of the silk fibroin light chain determined
by cDNA sequencing and peptide analysis. J. Mol. BioI. 210: 127-139.


