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ABSTRACT

 Ilolometabolous insects drastically change their body 

structures during post-embryonic development and 

metamorphosis. Their developmental processes are mainly 

controlled by two insect hormones, juvenile hormone (JH) and 

ecdysteroid. By contrast with the study for the mode of 

ecdysteroid action, little is known about the mechanism how JH 

exerts its function. For the purpose of investigating the JH 

functions, I focused on the regulatory mechanisms of expression 

of the major plasma protein gene in the silkworm, Bombyx mori. 

Plasma proteins termed "SP1" and "30K proteins" are 

synthesized by the fat body cells of the silkworm, B. mori , in 

a sex- and stage-specific manner during the larval development. 

I have successfully established a primary culture of the fat 

body cells to investigate the regulatory mechanisms of plasma 

protein gene expression.The primary cultures of fat body cells 

contained at least two cell types: small, oval cells, and large, 

spherical cells. The cells adhered and migrated on the culture 

dish. By the seventh day of cultivation, the cells have 

clustered to form the fat body-like structures that were 

maintained for at least three months. Plasma proteins were 

actively synthesized in the primary cultured cells isolated 

from the fat body of the final instar larvae only when the cells 

tightly adhered to the culture dish. Immunocytochemical 

analysis revealed that only 10-15% of the clustered cells 

synthesized plasma proteins in our culture system. These 

results indicate that the primary culture comprises 

heterogeneous cells which are morphologically and functionall y
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distinct. The patterns of SP1 syntheses in primary  cultures 

faithfully reproduced its sex-dependency in vivo. 

    Subsequently, I established a method for introduction of 

DNAs into the fat body cells to analyze the regulatory element 

of 30K protein gene. Chimeric genes containing the 5 ' sequences 

(-1668 to +14) of 30K protein 6G1 gene fused to the firefly 

luciferase gene were introduced into fat body cells using a 

method of electroporation. Optimum introduction of DNA was 

obtained at 90 V, 1075 /iF, 1 pmol of DNA and 4 x 106 cells in 

0.5  ml of serum-free Grace' s insect medium as an electroporation 

buffer using a 0.4 cm cuvette. When the constructs were 

transfected into fat body cells, the luciferase gene was 

accurately transcribed under the control of the 30K protein 6G1 

gene promoter. By contrast, the fusion gene consisting of the 

5 ' upstream region (-1480 to +16) of B. mori LCP30 gene and the 

luciferase gene did not express in the fat body cells . These 

results show that the promoter constructs introduced into the 

fat body cells exhibit their promoter-specific expression. 

The analysis of 5' upstream sequence of 30K protein 6G1 gene 

revealed that the enhancer elements are located in the sequence 

between nucleotide (nt) position -176 and -48 of the 30K protein 

gene. 

    It was considered that the synthesis of 30K protein might 

be negatively regulated by JH in vivo. In this thesis, I clearly 

showed that JH suppressed the 30K protein synthesis by use of 

the primary culture system of fat body cells . Next, I analyzed 

the JH-responsive element of 30K protein 6G1 genes using the 

electroporation method. Analysis using a series of deletion 

mutants revealed that the JH-responsive elements of 30K protein



6G1 gene are located downstream of nt position —176 

 with its enhancer. elements .

,overlapping
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GENERAL INTRODUCTION

    Post-embryonic development of holometabolous insects can 

be briefly classified into three  processes, growth, molting, 

and metamorphosis. These processes are known to be under 

control of major insect hormones, ecdysteroid and juvenile 

hormone. Both hormones control such disparate physiological 

and developmental phenomena as metabolism, seasonal 

polymorphism, and reproductive cycles, resulting in the 

morphological changes. Holometabolous insects offer us an 

opportunity for the study of developmentally regulated gene 

expression. 

    Insect hemolymph comprises hemocytes and plasma. In 

contrast to vertebrate blood, insect hemocytes comprise only 

a small fraction of hemolymph, and so insect hemolymph is not 

concerned with oxygen transport (Chapman 1982). Insect plasma 

is also quite different from vertebrate serum and is 

characterized by high concentrations of free amino acids, 

organic acid, sugars, and protein components (Wyatt 1978; 

Chapman 1982). The protein components in insect hemolymph are 

relatively limited number as compared to those in vertebrate 

serum. Most of these plasma proteins are synthesized in the 

fat body and released into hemolymph. Many plasma proteins have 

been isolated from a variety of insect species and characterized 

for their molecular properties and physiological functions. 

These proteins can be mainly classified into three groups. 

These include vitellogenins (Engelmann 1979; Hagedorn 1979; 

Bownes 1986), the female-specific yolk precursor proteins, 

lipophorins (Chino 1985; Shapiro et al. 1988), the lipid-
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carrying shuttle  proteins, and storage proteins (Roberts and 

Brock 1981; Levenbook 1985) , the amino acid reservoirs for the 

development of adult tissues. Both the quality and the quantity 

of the plasma proteins change during the post-embryonic 

development and metamorphosis (Thomson 1975; Wyatt and Pan 

1978) . Moreover, some of these proteins are known to exhibit 

sexual dimorphism in hemolymph and to be regulated by hormones. 

Thus, the plasma protein genes provide a suitable system for 

analyzing the developmental, hormonal, and sex-dependent 

regulation of gene expression.

Storage proteins 

    Storage proteins are synthesized by the insect fat body and 

secreted into the hemolymph during larval development. Then 

during the prepupal period, many are taken up and stored in the 

fat body for later use in the synthesis of imaginal tissues (Webb 

and Riddiford 1988a) . The two main classes of storage proteins 

are arylphorins which have a very high aromatic amino acid 

content (approximately 20% phenylalanine and tyrosine) (Tojo 

et al. 1980; Telfer et al. 1983) , and female-specific proteins 

which have a relatively high methionine content (approximately 

6%) and are predominantly expressed in females (Tojo et al . 

1980; Ryan et al. 1985). These storage proteins can be 

categorized as larval plasma proteins with native molecular 

weights approximately 500, 000, most of which consisting of six 

subunits (Roberts and Brock 1981; Levenbook 1985) . For example , 

the storage proteins purified from Bombyx mori, SP1 

(female-specific protein) and SP2 (arylphorin-type protein), 

have a molecular weight of 500,000 composed of six identical



subunits with a molecular weight  80,000, respectively (Tojo et 

a1. 1980) . On the other hand, Drosophila melanogaster contains 

two arylphorin-type storage proteins, LSP-1 and LSP-2, 

respectively (Roberts et al. 1977). Both are hexameric 

proteins but LSP-1 contains three non-identical subunits termed 

a, and y, which are encoded by single copy genes, and their 

chromosomal locations have been mapped on different chromosomes 

(Smith et al. 1981) , while LSP-2 is composed of six identical 

subunits. 

    The arylphorin-type storage proteins have been identified 

in many species classified into several orders of Insecta, 

including Diptera (Kinnear and Thomson 1975; Thomson et al. 

1976; Roberts et al. 1977; Ueno and Natori 1982; Schenkel and 

Scheller 1986) and Lepidoptera (Tojo et al. 1978, 1980; Kramer 

et al. 1980; Kumaran et al. 1987). In Diptera, arylphorin 

synthesis begins in the final larval instar (Mintzas et al. 

1983; Tamura et al. 1983; Powell et a1. 1984; Schenkel and 

Scheller 1986; Patrinou-Georgoulas et al. 1987). Synthesis 

then ceases at wandering although the translatable mRNA remains 

in large quantities for up to 2 days before declining at 

pupariation (Sekeris and Scheller 1977; Lepesant et al. 1982, 

1986; Powell et al. 1984). By contrast, in Lepidoptera, 

arylphorin is present in the early larval instar as well as in 

the final instar (Kramer et al. 1980; Tojo et al. 1980, 1981; 

Locke et al. 1982) . The level of its expression appears to be 

dependent on nutrient supply (Tojo et al. 1981; Riddiford and 

Hice 1985; Kumaran et al. 1987) . In Manduca sexta and B. mori, 

arylphorin synthesis ceases at wandering (Caglayan and Gilbert

F)



1987) and its translatable  mRNA disappears (Riddiford and Hice 

1985). 

    The female-specific storage proteins might be restricted 

to Lepidoptera. These proteins appear to be regulated somewhat 

differently in the various Lepidoptera. In B. mori it is 

present in both male and female larvae until the final instar 

when it is synthesized only in the female (Tojo et al. 1980; 

Mine et al. 1983; Izumi et al. 1988). In M. sexta the 

female-specific storage protein appears only in final instar, 

first in the female on day 2, and then transiently in the male 

at wandering (Ryan et al. 1985).

30K proteins of B. mori 

    In B. mori another class of plasma proteins referred to as 

30K proteins exists in the larval hemolymph. 30K proteins are 

a group of structurally related proteins with molecular weights 

around 30,000, and consist of at least five components encoded 

by 6G1, 12G1, 19G1, 21G1, and 23G1 gene (Sakai et al. 1988; Mori 

et al. 1991). The composition of 30K proteins differs among 

the strains of the silkworm (Gamo 1978; Maki and Yamashita 1997) . 

These proteins are rather specific to the final instar larvae. 

While negligible amount of 30K proteins is detectable in 

hemolymph until the end of fourth larval instar, massive 

accumulation of these proteins in hemolymph takes place at the 

early fifth larval instar (Gamo 1978; Izumi et al. 1981) . They 

are possibly one of yolk proteins on account of the following 

reasons: First, large amounts of 30K proteins are detectable 

in mature oocytes in females (Izumi et al. 1981) . 30K proteins 

are not attacked by the vitellogenin protease (Ikeda et al. 

                            7



1990) and the egg-specific protein protease (Indrasith  et al. 

1988), so that 30K proteins remained unused until vitellogenin 

and egg-specific proteins have been exhausted. Each component 

of 30K proteins is degraded in the substrate- and time-specific 

manner by 30K protein proteases just before larval hatching ( Zhu 

et al. 1986; Indrasith et al. 1987) . Second, 30K proteins have 

a high homology in primary structure with microvitellogenin of 

M. sexta, which has been shown to be a female-specific yolk 

protein (Wang et al. 1988, 1989). Moreover, the 

microvitellogenin gene is similar to 30K protein genes in 

exon/intron composition; a short first exon and a protein-

coding second exon are interspersed by a single intron of 

several hundred base-pairs in length (Wang et al. 1989). 

However, the physiological functions of 30K proteins have not 

been completely established yet, since these proteins are 

synthesized in larvae of both sexes and the significant amounts 

are left in hemolymph at the end of oogenesis.

Fat body 

    The fat body is an insect tissue which possesses 

physiological functions of both vertebrate liver and adipose 

tissue (Thomson 1975; Wyatt and Pan 1978; Shigematsu 1985) . The 

morphology of the fat body tissue of insects varies widely among 

different insect species . Generally, this tissue is consisted 

of loosely aggregated and compact masses of cells in thin lobes 

of the highly tracheated tissue that are freely suspended in 

the hemolymph. Thus, the fat body has ready access to nutrients, 

proteins, and hormones that are transported through the 

hemolymph. In such an environment, the fat body regulates the
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levels of  intermediary metabolism and is involved in the 

homeostatic maintenance of hemolymph proteins, lipids, and 

carbohydrates (Keeley 1985) . It also performs developmentally 

specific metabolic activities that produce, store, or release 

components central to the prevailing nutritional requirements 

or metamorphic events of the insect (Haunerland and Shirk 1995) . 

    Fat body is normally constructed from a variety of cell 

types. The most abundant cell type, found in all species, is 

the adipocyte, which synthesizes a lot of kinds of plasma 

proteins, and carries out all levels of intermediary metabolism 

and storage (Dean et al. 1985; Keeley 1985) . In addition, the 

fat body cells are specialized as mycetocytes, which contain 

symbiotic bacteria (Houk and Griffith 1980; Keeley 1985) , and 

urocytes, which store uric acid (Buckner et al. 1985; Cochran 

1985). 

    During metamorphosis of holometabolous insects, virtually 

all organs and tissues change from the larval type to the adult 

type (Larsen 1976). In Diptera, the adult fat body is newly 

differentiated tissue from stem cells, and the larval fat body 

is histolyzed. In contrast, studies in Lepidoptera indicate 

that the larval fat body is broken down into single cells that 

reassociate to form the adult fat body (Butterworth 1972) . The 

larval and adult fat bodies have specific functions related to 

the stage of development. For example, in Diptera the larval 

fat body produces larval serum and the adult fat body produces 

yolk polypeptides (Keeley 1985). Furthermore, the distinct 

areas of fat body exist in many insects and possess structural 

and functional differences. In D. melanogaster, the larval fat 

bodies are separated into six regions along the anterior-
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posterior  axis  . The enzymes needed to synthesize ommochromes 

are produced predominantly in the anterior three segments. 

Also, two storage proteins of D. melanogaster, LSP-1 and LSP-2, 

are expressed at similar levels in all six of the fat body regions 

(Sato and Roberts 1983; Jowett et al. 1986; Paco-Larson et al. 

1986), and then the storage proteins are sequestered 

preferentially by the posterior regions of the larval fat body.

Hormonal regulation of major plasma protein genes 

    It is known that juvenile hormone and ecdysteroid 

participate in the regulation of expression of many genes, 

including plasma protein biosyntheses (Roberts and Brock 1981; 

Dhadialla and Wyatt 1983; Bosquet and Calvez 1985; Levenbook 

1985; Miura et al. 1998; Zhou et al. 1998a, b) . Ecdysteroid is 

a steroid hormone with molt-inducing activity of insects, and 

most commonly consists of the five molecules in insects; 

ecdysone, 20-hydroxyecdysone, 3-dehydroecdysone, makisterone 

A, and 20-deoxymakisterone A (Nijhout 1994). Ecdysone is the 

hormone secreted by the prothoracic glands, but is relatively 

inactive. In most insects, the ecdysone is transferred into 

the active hormone, 20-hydroxyecdysone, by an enzyme in the 

hemolymph, epidermal cells, and fat body (Warren and Gilbert 

1986; Watson et al. 1989; Robinson et al. 1991; Nijhout 1994) . 

Juvenile hormone (JH) is a terpenoid produced by corpora allata, 

and plays a role in almost every aspect of insect development 

and reproduction, including metamorphosis, larval and adult 

diapose regulation, and ovarian development (Nijhout 1994; 

Wyatt and Davey). Five structurally related molecular forms 

occur in insect; JH-0, JH-I, JH-II, JH-III, and 4-methyl JH-I
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(Nijhout  1994)  . JH-III is the widest spread of the JH. JH-I 

and JH-II appear to be restricted to the Lepidoptera . JH-0 and 

4-methyl JH-I have been found only in the eggs of Lepidoptera 

(Yamamoto et al. 1988; Palli et al. 1991; Nijhout 1994). 

Effects of these insect hormones on the syntheses of storage 

proteins have been studied on several species. In M. sexta, 

JH had no effect on arylphorin mRNA levels (Riddiford and Hice 

1985) but suppressed the synthesis of the female-specific 

storage protein (Riddiford and Hice 1985; Webb and Riddiford 

1988b). Similarly, in another Lepidoptera, including 

Spodpptera litura, Trichoplusia ni, and Galleria mellonella, 

the onset of female-specific storage protein synthesis can be 

prevented by prior JH application (Tojo et al. 1985; Ray et al. 

1987; Jones et al . 1988) . On the other hand, infusion of a large 

amount of ecdysteroid suppressed female-specific storage 

protein synthesis as well as that of arylphorin (Webb and 

Riddiford 1988a; Kanost et al. 1990). 

    In contrast to the regulation of arylphorin synthesis in 

Lepidoptera, its synthesis in Diptera appears to be induced by 

ecdysteroid. In a mutant D. melanogaster defective of 

ecdysteroid synthesis, the exogenously supplied ecdysteroid 

triggers the synthesis of arylphorins in larvae (Jowett and 

Postlethwait 1981; Roberts and Brock 1981). 

    In B. mori, allatectomy rapidly causes accumulation of SP1 

in the hemolymph of females and males, and the application of 

JH after allatectomy suppresses SP1 synthesis (Tojo et al. 1981; 

Kajiura and Yamashita 1989). On the other hand, the 

concentration of SP2 in the hemolymph stayed unchanged by the 

JH application, as observed with other lepidopteran arylphorin.
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The  level of ecdysteroid in hemolymph is known to exert little 

effect on the synthesis of both storage proteins (rI'o jo et al. 

1981). 

    The synthesis of 30K proteins in B. mori appears to be 

suppressed by JH. The concentration of JH in the B. mori 

hemolymph is maintained above threshold until the end of the 

fourth larval instar, but the level severely declines at the 

early final larval instar and at same time the synthesis of 30K 

proteins occurs (Gamo 1978; Izumi et al. 1981; Nijhout 1994; 

Wyatt and Davey) . Allatectomy at the onset of the fourth larval 

instar provokes an immediate rise in the hemolymph 

concentrations of the 30K proteins, and accumulation of 30K 

proteins is delayed about 24 hours by applying JH to the early 

fifth instar larvae (Izumi et al. 1984). By contrast, the 

synthesis of 30k proteins appears to be induced by the rise in 

the hemolymph concentrations of ecdysteroid. Ecdysteroid 

stimulates the synthesis of the 30K proteins in the cultured 

fat body of B. mori (Izumi 1981). This is in agreement with 

the observation that the microvitellogenin synthesis of M. 

sexta, a high homologous protein with 30K proteins of B. mori, 

was induced by application of ecdysteroid (Wang et al. 1989).

Scope of project 

    A central issue in developmental biology of multicellular 

organism is to understand the mechanisms by which the 

morphogenesis is regulated by the stage-, tissue-, or sex-

restricted expression of specific genes in response to 

extracellular factors. Studying the development of insects is 

suitable for the purpose, since the growth of insects can be
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 controlled by only a few hormones, including JH and ecdysteroid. 

Thus, I adopted to study the biosynthesis of major plasma 

proteins, 30K proteins, in B. mori based on the following points . 

First, B. mori is the domesticated insect with well-

characterized background on the basis of physiology and 

genetics. Second, 30K protein genes exhibit stage-dependent 

expression during post-embryonic development. Third, the 

biosyntheses of plasma proteins, including 30K proteins, in B. 

mori is known to be regulated by JH and ecdysteroid, as well 

as that of other species . Recently, a cell-free transcription 

system was developed from the nuclear extract of the larval fat 

body cells in B. mori and the system preferentially transcribed 

homologous plasma protein genes in a promoter specific manner 

(Mine et al. 1995) . It is, in many case, difficult to reproduce 

the complete control mechanism of gene expression in a cell-free 

transcription system. Here, to investigate the regulatory 

mechanisms of 30K protein syntheses, I attempted to establish 

primary cultures from the fat bodies of B. mori and to introduce 

the 30K protein gene constructs into the cultured fat body 

cells. 

    In Section I of this thesis, I present a method for primary 

culture of B. mori fat body cells and characterize the profiles 

of plasma protein syntheses in the primary culture. In Section 

II,  attempt was made to introduce the gene constructs into the 

primary culture cells of the fat body. I describe a series of 

experiment to locate the enhancer and the JH-responsive 

elements in the 5' upstream region of 30K protein gene.



                           REFERENCES 

Bosquet  G, Calvez B (1985) Juvenile hormone modifications of 

    gene expression in the fat body and posterior silk glands 

    of Bombyx mori. J Insect Physiol 31:603-610 

Bownes M (1986) Expression of the genes coding for vitellogenin 

    (yolk protein). Annu Rev Entomol 31:507-531 

Buckner JS, Caldwell JM, Knoper JA (1985) Subcellular 

localization of uric acid storage in the fat body of Manduca 

    sexta during the larval-pupal transformation. J Insect 

    Physiol 31:741-753 

Butterworth FM (1972) Adipose tissue of Drosophila melanogaster. 

    V. Genetic and experimental studies of an extrinsic 

    influence upon the rate cell death in the larval fat body. 

    Dev Biol 28:311-325 

Caglayan SH, Gilbert LI (1987) In vitro synthesis, release and 

    uptake of storage proteins by the fat body of Manduca sexta: 

    Putative hormonal control. Comp Biochem Physiol 

87B: 989-997 

Chapman RF (1982) The insects: structure and function. Hodder 

    and Stroughton, London 

Chino H (1985) Lipid transport: biochemistry of hemolymph 

    lipophorin. In: Kerkut GA, Gilbert LI (eds) Comprehensive 

    Insect Physiology, Biochemistry and Pharmacology. Pergamon 

    Press, Oxford, vol. 10, pp 115-136 

Cochran DG (1985) Nitrogen excretion in cockroaches. Annu Rev 

    Entomol 30:29-49 

Dean RL, Locke M, Collins JV (1985) Structure of the fat body. 

    In: Kerkut GA, Gilbert LI (eds) Comprehensive Insect 

                          14



 Physiology,  Biochemistry and Pharmacology. Pergamon Press, 

    Oxford, vol. 3, pp 155-210 

Dhadialla TS, Wyatt GR (1983) Juvenile hormone-dependent 

    vitellogenin synthesis in Locusta migratoria fat body: 

Inducibility related to sex and stage. Dev Biol 96:436-

   444 

Engelmann F (1979) Insect vitellogenin: Identification, 

    biosynthesis and role in vitellogenesis.Adv Insect Physiol 

    14:49-108 

Gamo T (1978) Low molecular weight lipoproteins in the hemolymph 

    of the silkworm, Bombyx mori: inheritance, isolation and 

    some properties. Insect Biochem 8:457-470 

Hagedorn HH (1979) Vitellogenin and vitellin in insects. Annu 

    Rev Entomol 24:475-505 

Haunerland NH, Shirk PD (1995) Regional and functional 

differentiation in the insect fat body. Annu Rev Entomol 

    40:121-145 

Houk EJ, Griffith GW (1980) Intracellular symbiotes of the 

    Homoptera. Annu Rev Entomol 25:161-187 

Ikeda M, Sasaki T, Yamashita 0 (1990) Purification and 

    characterization of proteases responsible for vitellin 

    degradation of the silkworm, Bombyx mori. Insect Biochem 

30:725-734 

Indrasith LS, Furusawa T, Shikata M, Yamashita O (1987) Limited 

    degradation of vitellin and egg-specific protein in Bombyx 

    eggs during embryogenesis. Insect Biochem 17:539-545 

Indrasith LS, Sasaki T, Yamashita 0 (1988) A unique protease 

    responsible for selective degradation of a yolk protein in

15



 Bombyx mori. Purification, characterization and cleavage 

    profile. J Biol Chem 263:1045-1051 

Izumi S (1981) Studies on the biosynthesis of the hemolymph 

    proteins in Bombyx mori . Doctor Sci thesis, Tokyo Metropol 

    Univ 

Izumi S, Fujie T, Yamada S, TominoS (1981) Molecular properties 

    and biosynthesis of major plasma proteins in Bombyx mori. 

    Biochim Biophys Acta 670:222-229 

Izumi S, Kiguchi K, Tomino S (1984) Hormonal regulation of 

    biosynthesis of major plasma proteins in Bombyx mori. Zool 

Sci 1:223-228 

Izumi S, Sakurai H, Fu j ii T, Ikeda W, Tomino S (1988) Cloning 

    of mRNA sequence coding for sex-specific storage protein 

    of Bombyx mori. Biochim Biophys Acta 949:181-188 

Jones G, Hiremath ST, Hellmann GM, Rhoads RE (1988) Juvenile 

    hormone regulation of mRNA levels for a highly abundant 

    hemolymph protein in larval Trichoplusia ni. J Biol Chem 

    263:1089-1092 

Jowett T, Postlethwait JH (1981) Hormonal regulation of 

    synthesis of yolk proteins and a larval serum protein (LSP2) 

    in Drosophila. Nature 292:633-635 

Jowett T, Rizki TM, Rizki RM (1986) Regulation of synthesis of 

    larval serum proteins after transplantation of larval fat 

    body in adult Drosophila melanogaster. Dev Biol 116:23-

   30 

Kajiura Z, Yamashita 0 (1989) Stimulated synthesis of the 

    female-specific storage protein in male larvae of the 

silkworm, Bombyx mori, treated with juvenile hormone analog. 

Arch Insect Biochem Physiol 12:99-109 

16



Kanost MR, Kawooya JK, Law HJ, Ryan RO, van Heusden CV, Ziegler 

    R (1990) Insect  hemolymph proteins. Adv Insect Physiol 

    22:299-396 

Keeley LL (1985) Physiology and biochemistry of the fat body. 

    In: Kerkut GA, Gilbert LI (eds) Comprehensive Insect 

Physiology, Biochemistry and Pharmacology .Pergamon Press, 

    Oxford, vol. 3, pp 211-248 

Kinnear JF, Thomson JA (1975) Nature, origin and fate of major 

hemolymph proteins in Calliphora. Insect Biochem 5:531-

    552 

Kramer SJ, Mundall EC, Law JH (1980) Purification and properties 

    of manducin, an amino acid storage protein of the hemolymph 

    of larval and pupal Manduca sexta. Insect Biochem 

    10:279-288 

Kumaran AK, Ray A, Testadian JA, Memmel NA (1987) Effects of 

    juvenile hormone, ecdysteroids and nutrition on larval 

    hemolymph protein gene expression in Galleria mellonella. 

    Insect Biochem 17:1053-1058 

Larsen WJ (1976) Cell remodeling in the fat body of an insect. 

    Tiss Cell 8:73-92 

Lepesant JA, Levine M, Garen A, Lepesant-Kejzlarova J, Rat L, 

Somme-Martin G (1982) Developmentally regulated gene 

    expression in Drosophila larval fat bodies. J Mo1 Appl Genet 

    1:371-383 

Lepesant JA, Maschat F, Kejzlarova-Lepesant J, Benes H, 

    Yanicostas C (1986) Developmental and ecdysteroid 

    regulation of gene expression in the larval fat body of 

    Drosophila melanogaster. Arch Insect Biochem Physiol 

1:(Suppl.)133-141 

                           17



Levenbook  L (1985) Insect storage proteins. In: Kerkut GA, 

Gilbert LI (eds) Comprehensive Insect Physiology, 

     Biochemistry and Pharmacology. Pergamon Press, Oxford, vol. 

    10, pp 307-346 

Locke J, McDermid H, Brac T, Atkinson BG (1982) Developmental 

    changes in the synthesis of hemolymph polypeptides and 

    their sequestration by the prepupal fat body in Calpodes 

    ethlius Stoll (Lepidoptera, Hesperiidae). Insect Biochem 

    12:431-440 

Maki N, Yamashita 0 (1997) Purification and characterization 

    of a protease degrading 30kDa yolk proteins of the silkworm, 

Bombyx mori. Insect Biochem Molec Biol 27:721-728 

Mine E, Izumi S, Katsuki M, Tomino S (1983) Developmental and 

    sex-dependent regulation of storage protein synthesis in 

    the silkworm, Bombyx mori. Dev Biol 97:329-337 

Mine E, Sakurai H, Izumi S, Tomino S (1995) The fat body cell-free 

system for tissue-specific transcription of plasma protein 

    gene of Bombyx mori. Nucleic Acids Res 23:2648-2653 

Mintzas AC, Chrysanthis G, Christodoulou C, Marmaras VJ (1983) 

    Translation of the mRNAs coding for the hemolymph proteins 

    of Ceratitis capitata in cell-free system. Comparison of 

the translatable mRNA levels to the respective biosynthetic 

    levels of the protein in the fat body during development. 

Dev Biol 95:492-496 

Miura K, Shinoda T, Yura M, Nomura S, Kamiya K, Yuda M, Chinzei 

    Y (1998) Two hexameric cyanoprotein subunits from an insect, 

Riptortus clavatus sequence, phylogeny and developmental 

    and juvenile hormone regulation. Eur J Biochem 258:929-

    940

18



 Mori S, Izumi S, Toi ino S (1991) Structures and organization 

    of major plasma protein genes of the silkworm Bombyx mori. 

T Nol Biol 218:7-12 

Nijhout HP (1994) Insect hormones. Princeton University Press, 

     New Jersey 

Paco-Larson M, Nakanishi Y, Levine M, Garen A (1986) 

    Histochemical analysis of ecdysterone-regulated 

    expression of the Drosophila genes P1 and LSP-2. Dev Genet 

7:197-203 

Palli SR, Riddiford LM, Hiruma L (1991) Juvenile hormone and 

     "retinoic acid" receptors in Manduca epidermis . Insect 

Biochem 21:7-15 

Patrinou-Georgoulas M, Souliotis BL, Dimitriadis GJ (1987) A 

    study on the developmental appearance of serum proteins and 

    its mRNA in the insect Dacus oleae. Comp Biochem Physiol 

87B:179-188 

Powell D, Sato JD, Brock HW, Roberts DB (1984) Regulation of 

    synthesis of the larval serum proteins of Drosophila 

    melanogaster. Dev Biol 102:206-215 

Ray A, Memmel NA, Kumaran AK (1987) Developmental regulation 

    of the larval hemo_lymph protein genes in Galleria 

melionella. Wilhelm Roux's Arch Dev Biol 196:414-420 

Riddiford LM, Hice RH (1985) Developmental profiles of the mRNAs 

    for Manduca arylphorin and two other storage proteins 

    during the final larval instar of Manduca sexta. Insect 

    Biochem 15:489-502 

Roberts DB, Brock HW (1981) The major serum proteins of Dipteran 

    larvae. Experientia 37:103-110

19



Roberts DB, Wolfe J,  Akam  ME (1977) The developmental profiles 

    of two major haemolymph proteins from Drosophila 

melanogaster. J Insect Physiol 23:871-878 

Robinson GE, Strambi C, Strambi A, Feldlaufer MF (1991) 

    Comparison of juvenile hormone and ecdysteroid haemolymph 

    titers in adult worker and queen honey bees (Apis mellifera) . 

    J Insect Physiol 37:929-935 

Ryan RO, Keim PS, Wells MA, Law JH (1985) Purification and 

    properties of a predominantly female-specific protein from 

    the hemolymph of the larva of the tobacco hornworm, Manduca 

    sexta. J Biol Chem 260:782-786 

Sakai N, Mori S, Izumi S, Haino-Fukushima K, Ogura T, Maekawa 

H, Tomino S (1988) Structures and expression of mRNAs coding 

    for major plasma proteins of Bombyx mori. Biochim Biophys 

    Acta 949:224-232 

Sato JD, Roberts DB (1983) Synthesis of larval serum proteins 

    1 and 2 of Drosophila melanogaster by third instar fat body. 

    Insect Biochem 13:1-5 

Schenkel H, Scheller K (1986) Stage- and tissue-specific 

    expression of the genes encoding calliphorin, the major 

    larval serum protein of Calliphora vicina. Wilhelm Roux's 

    Arch Devel Biol 195:290-295 

Sekeris CE, Scheller K (1977) Calliphorin, a major protein of 

    the blowfly: Correlation with the amount of protein, its 

biosynthesis, and the translatable calliphorin-mRNA during 

    development. Dev Biol 59:12-23 

Shapiro JP, Law JH, Wells MA (1988) Lipid transport in insects. 

    Annu Rev Entomol 33:297-318

20



Shigematsu H (1985) Synthesis of blood protein by the fat body 

    in the silkworm,  Bombyx mori. Nature 182:880-882 

Smith DF, McClelland A, White BN, Addison CF, Glover DM (1981) 

    The molecular cloning of a dispersed set of developmentally 

    regulated genes which encode the major larval serum protein 

    of D. melanogaster. Cell 23:441-449 

Tamura H, Tahara T, Kuroiwa A, Obinata M, Natori S (1983) 

    Differential expression of two abundant messenger RNAs 

    during development of Sarcophaga peregrina. Dev Biol 

99:145-151 

Telfer WH, Keim PS, Law JH (1983) Arylphorin, a new protein 

    isolated from Hyalophora cecropia: comparisons with 

    calliphorin and manducin. Insect Biochem 13:601-613 

Thomson JA (1975) Major patterns of gene activity during 

    development in holometabolous insects. Adv Insect Physiol 

    11:321-398 

Thomson JA, Radok KR, Shaw DC, Whitten MJ, Foster GG, Birt LM 

    (1976) Genetics of lucilin, a storage protein from the sheep 

    blowfly, Lucilia cuprina (Calliphoridae). Biochem Genet 

    14:145-160 

Tojo S, Betchaku T, Ziccardi VJ, Wyatt GR (1978) Fat body protein 

    granules and storage proteins in the silkworm, Hyalophora 

    cecropia. J Cell Biol 78:823-838 

Tojo S, Kiguchi K, Kimura S (1981) Hormonal control of the 

    storage protein synthesis and uptake by the fat body in the 

    silkworm, Bombyx mori. J Insect Physiol 27:491-497 

Tojo S, Morita M, Agui N, Hiruma K (1985) Hormonal regulation 

    of phase polymorphism and storage-protein fluctuation in

21



     the common cutworm, Spodoptera  1_  i  t  ura  . J Insect Physiol 

    31:283-292 

Tojo S, Nagata M, Kobayashi M (1980) Storage proteins in the 

     silkworm, Bombyx mori. Insect Biochem 10:289-303 

Ueno K, Natori S (1982) Activation of fat body by 20- 

    hydroxyecdysone for the selective incorporation of storage 

    protein in Sarcophaga peregrina larvae. Insect Biochem 

12:185-191 

Wang X, Cole KD, Law JH (1988) cDNA cloning and deduced amino 

    acid sequence of microvitellogenin, a female specific 

    hemolymph and egg protein from the tobacco hornworm, 

    Manduca sexta. J Biol Chem 263:8851-8855 

Wang X, Cole KD, Law JH (1989) The nucleotide sequence of a 

    microvitellogenin encoding gene from the tobacco hornworm, 

     Manduca sexta. Gene 80:259-268 

Warren JT, Gilbert LI (1986) Ecdysone metabolism and 

    distribution during the pupal-adult development of Manduca 

    sexta. Insect Biochem 16:62-82 

Watson RD, Thomas MK, Bollenbacher WE (1989) Regulation of 

    ecdysteroidogenesis in prothoracic glands of the tobacco 

    hornworm, Manduca sexta. J Exp Zool 252:255-263 

Webb BA, Riddiford LM (1988a) Synthesis of two storage proteins 

    during larval development of the tobacco hornworm, Manduca 

    sexta. Dev Biol 130:671-681 

Webb BA, Riddiford LM (1988b) Regulation of expression of 

arylphorin and female-specific protein mRNAs in the tobacco 

    hornworm, Manduca sexta. Dev Biol 130:682-692

'27



Wyatt GR, Davey KG (1996) Cellular and molecular actions  of 

juvenile hormone. II. Roles of juvenile hormone in adult 

    insects. Adv Insect Physiol 26:1-155 

Wyatt GR, Pan ML (1978) Insect plasma proteins. Annu Rev Biochem 

    47:779-817 

Yamamoto K, Chadarevian A, Pellegrini M (1988) Juvenile hormone 

    action mediated in the male accessory glands of Drosophila 

    by calcium and kinase c. Science 239:916-919 

Zhou B, Hiruma K, Jindra M, Shinoda T, Segraves WA, Malone F, 

Riddiford LM (1998a) Regulation of the transcription factor 

    E75 by 20-hydroxyecdysone and juvenile hormone in the 

    epidermis of the tobacco hornworm, Manduca sexta, during 

    larval molting and metamorphosis. Dev Biol 193:127-138 

Zhou B, Hiruma K, Shinoda T, Riddiford LM (1998b) Juvenile 

    hormone prevents ecdysteroid-induced expression of broad 

    complex RNAs in the epidermis of the tobacco hornworm, 

    Manduca sexta. Dev Biol 203:233-244 

Zhu J, Indrasith LS, Yamashita 0 (1986) Characterization of 

    vitellin, egg-specific protein and 30kDa protein from 

    Bombyx eggs, and their fates during oogenesis and 

    embryogenesis. Biochim Biophys Acta 882:427-436

23



Section I

Biosynthesis of major 

           of the fat

plasma proteins 

body cells from

in the 

Bombyx

primary 

 mori

culture



INTRODUCTION

    Plasma proteins of holometabolous insects provide a unique 

opportunity  for studying the developmental regulation of gene 

expression. In the silkworm, Bombyx mori, two groups of 

proteins referred to as "storage proteins" and "30K proteins," 

respectively comprise major protein constituents of the larval 

hemolymph (Gamo 1978; Tojo et all 1980; Tomino 1985). These 

proteins are synthesized by the fat body cells and released into 

the hemolymph in a time-dependent sequential fashion during 

post-embryonic development and metamorphosis (Gamo 1978; Tojo 

et al. 1980; Tomino, 1985). The genomic as well as mRNA 

sequences for these proteins have been cloned, and their 

structures have been elucidated (Sakurai et al. 1988; Fujii et 

al. 1989; Mori et al. 1991) . Northern blot analyses of the fat 

body RNA have demonstrated that the biosyntheses of these 

proteins are regulated in a stage-, tissue-, and sex-dependent 

manner at the level of gene transcription in fat body cells 

(Izumi et al . 1988; Sakai et al. 1988; Sakurai et al. 1988; Fujii 

et al. 1989) . Recently, an efficient cell-free transcription 

system was developed from the nuclear extract of the larval fat 

body, which preferentially transcribed a homologous storage 

protein gene in a promoter specific manner (Mine et al. 1995) . 

    These lines of information indicate that the core promoter 

region of the storage protein gene is essential for tissue-

specific gene transcription. However, since it is generally 

difficult in experiments employing a cell-free system to 

corroborate the functions of regulatory elements located far 

away from the core promoter, it remains obscure whether the gene
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segments distal to the core promoter might also participate in 

the  regulated expression of storage protein genes. As an 

alternative ative to approaches using a cell-free system, the 

introduction of cloned gene constructs into native or cultured 

fat body cells as well as the analyses of their modes of 

expression facilitate further studies on the functions of 

sequence elements responsible for the regulated expression of 

plasma protein genes. In the hope of establishing an in vitro 

assay system using cultured fat body cells for the 

transcriptional regulation of plasma protein genes, I attempted 

in the present study to develop a primary culture system of the 

fat body cells from B. mori larvae. In this section, I describe 

the procedures for the isolation and in vitro culture of fat 

body cells. In this system, the cells in the culture were 

viable at least for three months and faithfully reproduced their 

in vivo function, producing storage proteins in a sex-dependent 

fashion.
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 MATERIALS AND METHODS

Ma terials 

    Grace's insect medium (Grace 1962), TC100 insect medium 

(Ferkovich et al. 1994), and fetal bovine serum (FBS) were 

purchased from Gibco BRL. Dispase I was obtained from 

Boehringer Mannheim. L-[35S]-Methionine and [y-32P]ATP were 

from American Radiolabeled Chemicals Inc. and the Hungarian 

Academy of Sciences, respectively. Protein A-Sepharose was 

from Pharmacia. ENLIGHTNING was from Dupont/NEN. Rabbit IgG 

preparations against B. mori SP1, 30K proteins, and a larval 

cuticle protein (LCP22) were prepared as described previously 

(Izumi et al. 1981; Mine et al. 1983; Nakato et al. 1997). 

Vectastain ABC reagent was purchased from Vector Laboratories. 

    All other chemicals were purchased from commercial sources. 

Animals 

    The hybrid strain (Kinshu x Showa) of the silkworm, Bombyx 

mori, was obtained from Kanebo Silk Elegance Co. Larvae were 

reared at 27°C on an artificial diet (Katakura Co.) 

Establishment of primary cultures from fat body cells 

    Fat bodies were aseptically dissected from the larvae as 

follows: The larva to be sacrificed was tightly ligated with 

thread at sites just behind the head capsule and in front of 

the hind legs, respectively, and the body surface was 

disinfected by washing with ethanol. The dorsal cuticle of the 

larva was cut longitudinally and pinned open on a silicone-

rubber plate. Malpi_ghian tubules and tracheae were carefully 
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 removed.  . Whole fat bodies from an individual larva were scraped 

away from the inside of the epidermal tissues and washed twice 

with Grace's insect medium.Approximately 60 mg of fat bodies 

from four larvae were digested with 1.2 U/ml dispase I in the 

medium for 2 hr at 27°C with occasional gentle shaking. After 

dispase digestion, the fat body cells were further dissociated 

by pipetting the suspension with a Pasteur pipette. The cells 

were washed twice with TC100 insect medium and once with the 

same medium containing 10o FBS. The resultant cells were 

suspended in TC100 insect medium supplemented with 10% FBS and 

plated onto a 96-well tissue culture plate (FALCON). In general, 

approximately 105 cells were seeded in a well, and plates were 

maintained at 27°C in a humidified incubator. All operations 

described above were performed under aseptic conditions.

Immunocytochemistry 

    Cultured fat body cells were washed three times with 

phosphate-buffered saline (PBS; 150 mr4 NaCl, 20 mM Na-phosphate 

buffer, pH 6.5), fixed for 2 hr with 4% formaldehyde in ice-cold 

PBS (pH 6.5), rinsed in distilled water, and blocked with 0.5% 

                                                                 hydrogen peroxide for 5 min as described by Easton and Horwath 

(1994). Following instructions provided by Vector 

Laboratories, the cells were rinsed in 0.1 M Na-phosphate buffer 

(pH 7.4) and then covered for 2 hr with each 1:1000 dilution 

of and-SP1, anti-30K protein, or and-LCP22 antibody. This 

was followed by rinses and a 1-hr exposure to goat anti-rabbit 

IgG conjugated to peroxidase. The bound peroxidase was 

visualized by treatment with 4-chloro-l-naphthol (Izumi et al. 

1987).
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 Protein synthesis in the cultured cells 

    To detect protein synthesis in the primary cultures, cells 

were harvested at intervals as indicated and washed with sterile 

PBS (pH 7.0)  . Cells from each well (105 cells) were incubated 

in 50 it of PBS (pH 7 . 0) containing 30 iCi [ 35S ] -methionine for 

3 hr in a 27°C humidified incubator.

Preparation of antibody-coupled protein A-Sepharose 

    Each 0.2 mg of anti-SP1 IgG or anti-30K protein IgG was mixed 

with 60 pl of a 1 : 1 slurry of protein A-Sepharose/Tris-buffered 

saline (TBS; 20 mM Tris-HC1, 150 mM NaC1, pH 7 . 5) and the mixture 

was incubated for 1.5 hr at room temperature with gentle shaking. 

Unadsorbed IgG was removed by washing three times with TBS 

containing 0.02% Tween 20. The antibody-coupled protein A-

Sepharose thus prepared was stored as 1:1 slurry in TBS at 4°C.

Immunoadsorption 

    The immunoadsorption of plasma proteins synthesized in a 

primary culture was carried out according to the method of 

Ausubel et al. (1987) . After incubation for protein synthesis, 

cells were dissolved by adding 50 p1 of a 2 x lysis buffer (260 

mM NaC1, 100 mM KC1, 1% Triton X-100, 20 pg/ml pepstatin, 0.4 

mM phenylmethylsulfonyl fluoride and 100 mM Hepes-KOH, pH 7.0), 

and the lysate was centrifuged for 30 min at 10,000 x g. The 

supernatant was incubated with 20 pl of a 1:1 slurry of protein 

A-Sepharose/TBS for 2 hr at room temperature with gentle shaking, 

and the mixture was centrifuged for 1 min at 200 x g.
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    The  precleared  supernatant of cell-lysate was added to each 

60 p1 of and-SP1 or anti-30K protein antibody-coupled protein 

A-Sepharose/TBS, and the mixture was incubated for 1.5 hr at 

room temperature with gentle agitation. The Sepharose was 

precipitated by centrifugation and washed four times with TBS 

containing 0.02%  Tween 20. Proteins bound to the Sepharose were 

eluted three times with each 50 p1 of 0.1 M acetic acid. The 

combined eluate was dried in vacuo and subjected to SDS gel 

electrophoresis and fluorography. 

Electrophoresis and Fluorography 

    The dried eluate from the immunoadsorption Sepharose was 

dissolved in 100 pl of Laemmli's SDS sample buffer (Laemmli 

1970) by heating for 5 min in boiling water. Electrophoresis 

was performed according to the method of Laemmli on 10% 

polyacrylamide slab gel (Laemmli 1970) . After electrophoresis, 

proteins were stained with Coomassie blue, and radioactive 

proteins were visualized by fluorography using ENLIGHTNING as 

described by the manufacturer. 

Primer Extension Analysis 

    Total RNA was extracted from the cultured fat body cells 

according to Chomczynski and Sacchi (1987) . Each 4 pmol of SP1 

primer 228 (5'-TATACTCCTTGGCGATCTCC) or 30K6G1 (30K protein 

component 6 gene; Mori et al. 1991) primer 174 (5'-

CGGTCTCGTATTCACCAATG) was end-labeled with [y-32P}ATP using T4 

polynucleotide kinase. Primer extension was carried out using 

3 pg of total RNA and each 5' end-labeled primer (1 x 105 cpm) 

as described by Mine et al. (1995) .The synthesized cDNA was 
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RESULTS

 Establishment of primary cultures of fat body cells 

    For routine primary cultures, fat bodies were dissected 

from four larvae of the silkworm, Bombyx mori. Before 

dissection, the larvae were tightly ligated with thread at two 

locations, as described in "MATERIALS AND METHODS". This 

procedure prevented contamination of bacteria from the gut when 

the larvae were pinned on the silicone-rubber plate. The fat 

body cells of B. mori are enveloped with a basal lamina (Fig. 

la) which hampers the liberation of cells .When the fat bodies 

were treated with trypsin, the basal lamina remained undigested, 

and mucous substances and lipid drops accumulated in the 

reaction mixture during digestion. These substances are 

supposed to be released from injured cells (data not shown). 

I then used dispase I to digest the basal lamina. This enzyme 

has been known to cleave the basement membrane in mammals 

(Matsumura et al. 1975a, b; Glyn and Brunt 1985). The isolated 

fat bodies were treated with dispase I, as detailed in 

"MATERIALS AND METHODS" . The concentration of dispase I and 

the duration of the digestion period were chosen so that the 

basal lamina of fat body cells was completely digested to yield 

a fairly even suspension of cells. By this method, 

approximately 107 cells were obtained from the fat bodies of 

four larvae. A TC100 medium supplemented with 10o FBS without 

antibiotics was selected as the culture medium. Figure lb shows 

the cells just after dispersion from the fat bodies.
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Morphological features of primary cultures 

    The morphological changes of the primary culture of the fat 

body cells isolated from the fifth instar  day-1 female larvae 

are shown in Fig. 1. At least two types of cells, i.e.  large, 

spherical cells and small, oval cells, were observed in the 

culture. Most cells belonged to the latter category. A 

nucleus and a number of oil droplets were observed in both kinds 

of cells. The small, oval cells were loosely adhered to the 

surface of the dish within 4 hr after plating (Fig. lb). On 

the second day of cultivation, most of the cells adhered tightly 

to the bottom of dish, and the adherent cells began to migrate. 

After five days of cultivation, the adherent cells aggregated 

to form cell clusters on the surface of the dish, and parts of 

these clusters spread to form a thin layer (Fig. lc). After 

ten days of cultivation, the clustered cells appeared to 

regenerate the basal lamina, forming a structure resembling 

that of fat body tissue (Fig. 1d) . On the other hand, a portion 

of the large, spherical cells formed cell clusters together with 

the small, oval cells (data not shown). The clustered cells 

in the primary cultures survived for at least three months and 

maintained their "fat body-like" structure. 

    To clarify whether the cultured cells synthesize plasma 

proteins, I stained the clustered cells on the seventh day of 

cultivation with anti-SP1 (one of the major plasma proteins) 

and anti-30K protein antibodies. As shown in Fig. 2a, b, the 

cultured cells synthesized SP1 and 30K proteins. However, 

staining of cells with anti-LCP22 (a larval cuticle protein; 

Nakato et al. 1997) antibody showed negligible peroxidase 

activity in the control (Fig. 2c) . Interestingly, only subsets 
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Fig.  la-d. The morphology of primary cultures of fat bodies. 

The fat body cells dissected from female larvae on the fifth 

instar day-1 were plated onto a 96-well tissue culture plate 

as described in "MATERIALS AND METHODS." The fat body cells 

(arrowhead) before dispersion are enveloped with a basal lamina 

(a) . The primary culture cells just after seeding (b) , on the 

fifth day (c), and on the tenth day (d) of cultivation were 

photographed under phase contrast microscopy. The primary 

culture comprised two heterogeneous cell types: large, 

spherical cells (open arrow), and small, oval cells (closed 

arrow). Most cells belonged to the latter type. Both types 

of cells contained numerous lipid particles. Bar = 100 pm.
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Fig. 2a-c. Immunocytochemistry of B. mori fat body primary 

cultures . The fat body cells were dissected from female larvae 

on the fifth instar day-1 and seeded onto a 96-well tissue 

culture plate. On the seventh day of cultivation, the clustered 

cells were stained with anti-SP1 (a) , anti-30K protein (b) , or 

anti-LCP22 (a larval cuticle protein) antibody (c). The arrows 

indicate the stained cells. Bar = 100 pm.



 (10-15%) of clustered cells were immunoreactive in our culture 

system, indicating that the cells are functionally 

heterogeneous. 

.

Protein synthesis of fat body cells in primary culture 

    Fat body cells of the final (fifth) instar larvae synthesize 

massive quantities of plasma proteins, releasing them into the 

hemolymph (Gamo 1978; Tojo et al. 1980; Tomino 1985). In B. 

mori, storage proteins occur in two forms, which are termed 

"SP1" and "SP2 ," respectively. SP1 is a methionine-rich 

storage protein exhibiting female-specific expression in the 

fifth instar larvae, while SP2 is an arylphorin containing a 

high proportion of phenylalanine and tyrosine (Tojo et al. 1980) . 

"30K proteins , " a group of structurally related proteins , are 

the most abundant proteins in the hemolymph at late-larval to 

early-pupal stages (Gamo 1978; Izumi et al. 1981), and their 

synthesis in the fat body is greatly stimulated by the 

disappearance of the juvenile hormone from the hemolymph (Gamo 

1978; Izumi et al. 1984) . In the present experiments, SP1 and 

30K proteins were selected as marker proteins, and their 

syntheses in the cultured cells were studied. 

    Fat bodies dissected from male and female larvae on the 

fifth larval instar day-1 were dispersed with dispase treatment, 

and cells were cultured in vitro. As shown in Fig. 3a, 

immediately after dispersion from the female fat bodies, cells 

synthesized mainly SP1 and SP2 (lane 1). The rate of total 

protein synthesis in the cells markedly rose after cultivation 

for 24 hr and then progressively declined during cultivation 

for 7 days (lanes 1 , 4, and 7) . By contrast, SP1 was synthesized 
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 Fig. 3a, b. Tie developmental changes of total and plasma 

protein syntheses in primary cultures from female and male 

larvae on the fifth instar day-l. The fat body cells dissected 

from female (a) and male (b) larvae on the fifth instar day-1 

were plated onto a 96-well tissue culture plate as described 

in "MATERIALS AND METHODS." Cells were harvested on the day 

of seeding (lanes 1, 2, and 3) , on the first day of cultivation 

(lanes 4 , 5, and 6) , and on the seventh day of cultivation (lanes 

7, 8, and 9) . Each cell preparation was incubated with 50 ail 

of PBS containing 30 pCi [ 35S ] -methionine for 3 hr at 27°C. The 

cells were dissolved in each 50 ul of a 2 x lysis buffer. After 

centrifugation, the supernatant was treated with anti-SP1 

(lanes 2, 5, and 8) or anti-30K proteins (lanes 3, 6, and 9) 

antibody, as described in "MATERIALS AND METHODS," and 

immunoadsorbed proteins were electrophoresed and 

fluorographed. Lanes 1, 4, and 7 represent total proteins 

synthesized in each preparation.



at nearly a  constant rate throughout cultivation (lanes 2, 5, 

and 8). 

    To study SP1 biosynthesis at the level of mRNA, I measured 

the developmental change in the amount of SP1 mRNA in the 

cultured cells from female larvae on the fifth instar day-1 by 

means of primer extension. Consistent with patterns of 

protein synthesis, the amount of SP1 mRNA was also detectable 

at roughly the same level during cultivation (Fig. 4a). The 

result indicates that the biosynthesis of SP1 is regulated at 

the level of gene transcription and eliminates the possibility 

that the pattern of SP1 synthesis reflects the saturation of 

immunoadsorption. 

    The profile of protein synthesis in the cultivated fat body 

cells from male larvae was similar to that observed in the female 

cells, except that SP1 synthesis was severely repressed in the 

male cells (Fig. 3b). This clearly reflects the in vivo 

situation of female specificity of SP1 synthesis (Izumi et al. 

1988). Although SP1 synthesis slightly resumed after 

cultivation for 24 hr, the rate of its synthesis was much lower 

than that observed with female cells throughout cultivation 

(lanes 2, 5, and 8). 

    The synthesis of 30K proteins was only barely seen in the 

fat body cells cultured for 24 hr, whereas the rate of their 

synthesis markedly increased, as seen in the cells from both 

sexes on the seventh day of cultivation (lanes 6 and 9) . This 

is consistent with the developmental change of 30K protein mRNA 

shown in Fig. 4b. 

    It is known that the synthesis of plasma proteins in B. mori 

larvae is temporarily halted at the time of each molt, and 
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Fig. 4a, b. Developmental changes of SP1 and 30K protein mRNAs 

in primary cultures from female larvae on the fifth instar  day-1 . 

The fat body cells dissected from female larvae on the fifth 

instar day-1 were plated. Total RNA was prepared from the 

cultured cells immediately after seeding (lanes 1 and 5)
, 24 

hr after seeding (lanes 2 and 6) , on the third day of cultivation 

(lanes 3 and 7) , and on the seventh day of cultivation (lanes 

4 and 8) . Each 3 big RNA was annealed with the 5 ' end-labeled 

(1 x 105 cpm) SP1 primer 228 (a) or 30K6G1 primer 174 (b) . Primer 

extension reactions were performed as described by Mine et al . 

(1995). Positions for extended fragments for SP1 and 30K 

protein mRNAs are indicated on the left of autoradiogramm.



feeding at the onset of intermolt stages triggers the resumption 

of protein synthesis in the fat body (Tomino 1985). To study 

the  effect of feeding on the mode of plasma protein synthesis 

in the fat body cells of fifth instar larvae in culture, cells 

were isolated from the larval fat bodies just after the fourth 

molt, and protein synthesis was followed in the cultured cells. 

As is seen in Fig. 5, protein synthesis was negligible when the 

dispersed cells were put in culture (lane 1) .In contrast to 

the fat body cells from the fifth instar day-1 larvae, a low 

level of protein synthesis persisted until the fourth day of 

cultivation (lanes 4 and 7). However, the rate of protein 

synthesis sharply increased in the cells of both sexes on the 

seventh day of cultivation, exhibiting sexually dimorphic 

expression of SP1 as well as marked stimulation of 30K protein 

synthesis as observed with normal fifth instar larvae (lanes 

10, 11, and 12).

35



O

a

ξ.

L_

」■噛■腰q_

123

b

二

噺

,趣 ノン〃ウ〃ケズ

蘇

1曜

舜

噸 ・1

嬬 」一一

456

-u

_嘉

0

デ"O<SP1

畢量 蜘
ぐ
　 　　 り

⇔ ⇔ 一娼
789101112
sじ 一

鱒 一 くSP1

塾
惑 璽}30K

■

● ● 一隔



 Fig. 5a, b. Plasma protein synthesis in primary cultures from 

female and male larvae just after the fourth molt. The fat body 

cells dissected from female (a) and male (b) larvae just after 

the fourth molt were plated.Cells were harvested on the day 

of seeding (lanes 1, 2, and 3) , on the first day of cultivation 

(lanes 4, 5, and 6), on the fourth day of cultivation (lanes 

7, 8, and 9) , and on the seventh day of cultivation (lanes 10, 

11, and 12). Proteins recognized with anti-SP1 (lanes 2, 5, 

8, and 11) or anti-30K proteins (lanes 3, 6, 9, and 12) antibody 

were analyzed as described in "MATERIALS AND METHODS" and under 

Fig. 3. Lanes 1, 4, 7, and 10 represent total proteins 

synthesized in each preparation.



DISCUSSION

 In the present study, I successfully established a primary 

culture for the fat body cells of B. mori that maintained their 

specific expression of plasma protein genes. The cultured fat 

body cells began to migrate to form cell cluster following 

adhesion to the surface of the culture dish. The structure of 

these clusters of fat body cells resembled that of fat body 

tissue. Oberlander (1976) observed that the dissociated fat 

body cells in suspension reaggregated; however, they did not 

form a fat body-like structure. As can be seen from Fig. 2, 

only part of the clustered cells synthesized SP1 and 30K 

proteins in this culture system. The observation may reflect 

the fact that fat bodies consist of heterogeneous cell types 

such as trophocytes, which carry out the broadest biochemical 

reactions (Haunerland and Shirk 1995) , urate cells, which store 

uric acid (Buckner et al. 1985), and/or mycetocytes, which 

contain symbiotic bacteria (Houk and Griffith 1980). In fact, 

at least two types of cells were morphologically 

distinguishable in the primary culture of B. mori fat body cells . 

Additionally, previous studies suggest that fat bodies appear 

to be functionally separated into "biosyntheses type" and 

"storage type" in Lepidoptera (Haunerland et al . 1990; Wang and 

Haunerland 1992). It is not known whether cells expressing SP1 

are identical to those expressing 30K proteins in this culture 

system. However, the percentage of immunoreactive cells in 

co-staining with both anti-SP1 and anti-30K protein antibodies 

was almost equal to that in staining with each antibody alone
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(data not  showin), suggesting that the same set of cells 

expresses both proteins. 

    The cultivated cells actively synthesized plasma proteins 

that include storage proteins and 30K proteins. In the primary 

culture developed from the fat bodies of fifth instar day-1 

female larvae, the synthesis of SP1 was evident immediately 

after seeding. Both SP1 protein and SP1 mRNA synthesis were 

maintained at the same level throughout the culture period. The 

cells derived from the fifth instar day-1 males, on the other 

hand, hardly synthesized SP1 on the day of seeding. Although 

the rate of SP1 synthesis in male cells slightly increased 

during the period of the first to the seventh day of cultivation, 

the level was far lower than that observed for female cells. 

The observation indicates that irrespective of the medium 

milieu, the fat body cells per se are responsible for the 

sex-dependency of SP1 gene expression. This is in agreement 

with the previous finding that the sex-dependent expression of 

SP1 is genetically determined and developmentally regulated 

without participation of reproductive organs or any sex-

specific humoral factors (Mine et a/. 1983) . 

    Easton and Horwath (1994) developed a primary cell culture 

system for Tenebrio molitor fat body in which the cells did not 

form cell clusters. In the present study, I show that synthesis 

of plasma proteins in the cultured fat body cells appears to 

be related with the change of cellular morphology. The 

synthesis of 30K proteins becomes apparent in the cells after 

the onset of cell clustering. The cells in suspension failed 

to synthesize 30K proteins. Furthermore, only the clustering 

cells continued to synthesize SP1 and 30K proteins (data not 
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 shown). Several reports have shown that morphological changes 

of cultured cells are related with the activation of secretory 

protein genes. For example, it is known that mouse mammary 

epithelial cells accelerate the synthesis of milk proteins in 

vitro under cell clustering (Schmidhauser et al. 1990; 

Roskelley et al. 1994; Streuli et al. 1995) .In view of these 

observations, it is likely that cell clustering is a 

prerequisite for plasma protein synthesis in cultured fat body 

cells. As shown in Fig. 3, the rate of total protein syntheses 

in the cells markedly increased on the first day of cultivation 

and then gradually declined. However, the rate of SP1 synthesis 

was constant, and that of 30K protein synthesis significantly 

increased during cultivation. Apparently, the regulatory 

mechanisms of plasma protein syntheses are dif ferent from those 

of other protein syntheses in this culture system. 

    Taken together, these results indicate that the fat body 

cells in primary cultures actively synthesize plasma proteins 

and faithfully reproduce the sex-dependency of SP1 synthesis. 

The long-term survival of functional cells in culture will 

certainly provide a useful system for gene transfection 

studies.
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INTRODUCTION

    In the silkworm, Bombyx  mori, the fat bodies of actively 

feeding larvae synthesize plasma proteins and secrete them into 

hemolymph (Gamo 1978; Tojo et al. 1980; Tomino 1985). Major 

plasma proteins referred to as 30K proteins are a group of 

structurally related proteins with molecular weights around 

30,000 (Sakai et al. 1988; Mori et al. 1991) . These proteins 

are rather specific to the fifth (f_inal) instar larvae. While 

negligible amounts of 30k proteins are detectable in hemolymph 

until the end of fourth larval instar, massive accumulation of 

these proteins in hemolymph takes place at the early final 

larval instar to pupal stage, and it has been shown that their 

synthesis in the fat body is developmentally regulated at the 

transcription level. These proteins are synthesized in the fat 

bodies of both female and male larvae and released into 

hemolymph, though large amounts of 30K proteins are detectable 

in oocytes of sexually matured females in the form of yolk 

proteins (Gamo 1978; Izumi et al. 1981) . 30K proteins have a 

high homology in primary structure with microvitellogenin of 

Mlanduca sexta, which has been shown to be a female-specific yolk 

protein (Wang et al. 1988, 1989). 

    The onset of 30K protein synthesis is restricted to the 

early final instar larvae in concomitant with the disappearance 

of juvenile hormone (JH) from hemolymph (Gamo 1978; Izumi et 

al. 1981). Surgical extirpation of corpora allata, the source 

of JH, rapidly causes accumulation of 30K proteins in the 

hemolymph of the fourth instar larvae (Izumi et al. 1984) . Thus, 

the synthesis of 30K proteins in B. mori appears to be suppressed 
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by JH. It is known that JH is a major insect hormone that 

regulates the post-embryonic development of insects in 

cooperation with ecdysteroid (Nijhout 1994). Both hormones 

induce a larval ecdysis and also plays an  important role in 

almost every aspect of the development and reproduction of most 

insects by regulating the expression of specific genes 

(Dhadialla and Wyatt 1983; Bosquet and Calvez 1985; Nijhout 

1994; Miura et al. 1998; Wyatt and Davey; Zhou et al. 1998a,b) . 

In comparison with the knowledge for the mode of ecdysteroid 

action, little is known about the molecular mechanisms in which 

JH exerts its function. For the purpose of investigating the 

JH functions, I focused on the regulatory expression mechanisms 

of 30K protein genes. 

    In primary cultures of B. mori fat body cells, application 

of molecular biological approaches such as trans fection has not 

previously developed. In this thesis, I established a method 

for introduction of DNAs into the fat body cells, and analyzed 

the 5' upstream region of 30K protein genes.
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MATERIALS AND METHODS

Materials 

    A promoter/enhancer-less plasmid containing a luciferase 

reporter gene (PGV-B) and a luciferase assay reagent were 

purchased from Toyo ink. A cell lysis buffer, Passive Lysis 

Buffer, was purchased from Promega. Grace's insect medium 

(Grace  1962)  , TC100 insect medium (Ferkovich et al. 1994) , and 

fetal bovine serum (FBS) were obtained from Gibco BRL. Dispase 

I (Matsumura et al. 1975a, b; Glyn and Brunt 1985) was obtained 

from Boehringer Mannheim. L-[35S]-methionine was from 

American Radiolabeled Chemicals Inc. ENLIGHTNING was from 

Dupont/NEN. 

    All other chemicals were purchased from commercial sources. 

Animals 

    The hybrid strain (Kinshu x Showa) of the silkworm, Bombyx 

mori, was obtained from Ueda Sanshu (Ueda, Nagano). Larvae were 

reared at 27°C on an artificial diet (Katakura Co.).

Hormone 

    Methoprene, a juvenile hormone (JH) analogue, was kindly 

supplied by Dr. S. Sakurai (University of Kanazawa). This 

analogue was stored at -20°C in glass vials. For use, dilution 

at 1:10000 (vol/vol) was made in ethanol using plastic pipet 

tips, and the dilution was added to TC100 insect medium 

containing 10% FBS at a final concentration of 100 ng/ml and 

mixed by vortexing (Dhadialla et al. 1987; Berger et al . 1992) . 
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Protein  synthesis in the cultured fat body cells 

    Aseptic dissections of B. mori larvae were performed as 

described in "Section I". In brief, the dorsal cuticle of the 

larva was cut longitudinally and pinned open on a silicone-

rubber plate. Whole fat bodies from an individual larva were 

scraped away from the inside of the epidermal tissues and washed 

twice with Grace's insect medium. After the fat bodies were 

digested with 1.2 U/ml dispase I in the medium, the cells were 

washed twice with TC100 insect medium and once with the same 

medium containing 10o FBS. To study the effect of JH on the 

protein synthesis in the primary culture, the resultant cells 

were suspended in TC100 insect medium containing 10% FBS with 

methoprene or ethanol (a solvent for methoprene) as a control. 

The cells were plated onto a 96-well tissue culture plate 

(FALCON) and were maintained at 27°C  in a humidified incubator. 

On the 5th day of cultivation, the cells were washed with 

phosphate-buffered saline (PBS; 150 mM NaC1,20 mM Na-phosphate 

buffer, pH 7.0)  and incubated in 50 pl of PBS containing 30 pCi 

[35S]-methionine for 3 hr. The radio-labeled cells were 

dissolved in 50 pl of 2 x SDS sample buffer (4% SDS, 100 2-

mercaptoethanol , 20%  glycerol and 250  mM Tris -HC1 , pH 6.8)  by 

heating for 5 min in boiling water. Electrophoresis was 

performed according to the methods of Laemmli using 10% acryl 

amide slab gel (Laemmli 1970). After electrophoresis, 

radioactive proteins were detected by fluorography using 

ENLIGHTNING.
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Vector  construction 

    The fusion gene p3OKLUC was constructed as follows. The 

restriction fragment Sacl-Sacl (-1663 to +153) of B. mori 30K 

protein 6G1 gene (Mori et al. 1991) was inserted into the Sacl 

site of the plasmid PGV-B. The resultant plasmid was digested 

with M1uI and XhoI to release a 706-bp fragment. This 706- 

by fragment was replaced with a fragment, -553 to +14 of 30K 

protein 6G1 gene, which was amplified from the plasmid above 

by PCR using a 5' primer (5'-AAACAATCGAGTGACCTCAG) and a 3' 

primer (5'-TATCTCGAGTCACAACACTGTAGAAGC) including a new XhoI 

site at 3'-end and was digested with MluI and XhoI. 

    The plasmid p3OKLUC was used to construct a series of 5' 

recurrent deletions of the promoter by combining restriction 

cutting and partial digestion by exonuclease as follows. The 

plasmid p3OKLUC was cleaved at the Af1II site in the 30K protein 

gene insert and the KpnI site in the vector DNA. The 5 ' deletion 

mutants, p3OKLUCd848, d376, d176 and dll, were selected after 

exonuclease III digestion from the Af1II site of the large 

fragment to nucleotide (nt) position -848, -376, -176, and -11 

bp, respectively. 

    The 5' deletion mutant p3OKLUCd116 was constructed as 

follows. The fragments containing -116 to +14 of 30K protein 

6G1 gene were amplified by PCR using a 5' primer (5'-

ATACCCGGGCTTTGCAAATGACATCG) including a new SinaI site at 5 ' -end 

and a3'primer (5'-GCCAAGCTTACTTAGATC). The PCR products were 

digested with Smal and XhoI, and were inserted between the SmaI 

and the XhoI sites of the plasmid PGV-B. 

    The plasmid p3OKLUCd48 resulted from insertion of the 

restriction fragment HincII-XhoI of the plasmid p3OKLUC, which 
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contains -48 to +14 of 30K protein 6G1 gene, between the  SmaI 

and the Xhol sites of the plasmid PGV-B. 

     The fusion gene pBmactA3LUC was constructed as follows. 

The fragments containing -127 to +160 of the A3 cytoplasmic 

actin gene of B. mori (Mange et a/. 1997) were amplified from 

the fat body DNA of B. mori (Tokai x Asahi) by PCR using a 5 ' 

primer (5' -AGCTGATAGCGTACGCGTTAC) including a new MluI site and 

a 3' primer (5 ' -TAAAGGGACGGAGAAGCTTCG) including a new Hindlll 

site. The PCR products were digested with Hindlll and Mlul , 

and were inserted between the Hindlll and the MIuI sites of the 

plasmid PGV-B. 

    The fusion gene pLCP3OLUC was constructed as follows. The 

restriction fragment HindIll-Sacl of the plasmid pLCP3OCAT 

(Mine et al. 1995) was inserted between the Hindlll and the Sacl 

site of the plasmid PGV-B. This plasmid contains the -1480 to 

+16 fragment of LCP30 gene. 

    Each plasmid DNA was purified by QIAGEN plasmid 

purification kit (QIAGEN). 

Electroporation 

    Fat body cells used in this study were prepared from the 

larvae on the fifth instar day-1 of B. mori as described above. 

After dispase digestion, the fat body cells were washed three 

times with Grace's insect medium (serum-free). 4 x 106 cells 

suspended in 0.5 ml of the same medium were placed in a 0.4 cm 

gap electroporation cuvette (Bio-Rad) with the plasmid DNA. 

Electroporation was performed using a Gene Pulser Transfection 

Apparatus (Bio-Rad). Unless otherwise noted, transfection was 

administered at a single voltage of 90 V, a capacitance of 1075 
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 11F and .1 pmol of DNA. The time constant of electroporation was 

typically 25 msec. After electroporation, the cells were 

washed once with the TC100 insect medium and suspended in TC100 

insect medium supplemented with 10o FBS without antibiotics , 

and the cells divided into equal parts were plated onto a 60 

mm-diameter tissue culture dish (FALCON) (2 x 106 cells in a 

dish) . After incubation of the indicated periods at 27°C, the 

cells were assayed for luciferase activity. For the 

experiments of JH treatment, the cells in one dish were 

incubated in the presence of methoprene, and the cells in the 

other dish were treated with an equal volume of ethanol as a 

control. 

All operations described above were performed under aseptic 

conditions.

Luciferase assay 

    The cells (2 x 106 cells) were scraped from the dish with 

a rubber policeman and washed twice PBS and resuspended in 50 

pl of lysis buffer for 15 min at room temperature. The lysate 

was centrifuged at 12,000 x g for 2 min at 4°C. 100 pl of 

luciferase assay reagent was transferred to a luminometer 

cuvette, and the luciferase activity in each sample was assayed 

immediately after 20 pl of the cell lysate was added to the 

reagent in the cuvette. 

    Luciferase assay was normalized by the concentration of 

protein in each lysate, which was determined according to the 

method of Bradford (1976). Each determination of luciferase 

activity presented in "Results" is an average of three assays 

with its associated standard error. 
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RESULTS

Optimization of  transfection condition in B. mori fat body cells 

    To establish an assay system using cultured fat body cells 

for the transcriptional regulation of plasma protein genes, I 

attempted various transfection methods including calcium 

phosphate (Graham and van der Eb 1973), DEAE dextran (McCutchan 

and Pagano 1968), and liposome (Fraley 1980) methods. But, I 

could not detect any activities derived from reporter genes in 

the systems above. Finally, I adopted electroporation method 

(Chu et al. 1987) to introduce DNA into the cultured cells. 

Consequently, I could successfully detect the luciferase 

activity in the fat body cells after introducing the plasmid 

p30KLUC, which has the promoter sequence of 30K protein 6G1 gene 

joined with the luciferase gene as reporter gene. The 

luciferase activity was sufficiently detected in the cell 

lysate from the application of 4 x 106 fat body cells using 

Grace's insect medium as electroporation buffer. I 

investigated optimal conditions of electroporation for 

introduction of the plasmid p30KLUC into cultured fat body cells . 

Altering voltage, capacitance, DNA concentration, and cultured 

periods after transfection fection resulted in a range of luciferase 

activities which varied two orders of magnitude (Fig. 1). 

Effects of voltage and capacitance on the transfection into fat 

body cells are shown in Fig. la. Luciferase activity in 

transfected cells increases until 325 V/cm and reached plateau 

around 425 V/cm at 1075 pF. On the other hand, at 225 V/cm, 

luciferase activity at 500 pF was lower than that at 1075 pF, 

though the activities above 325 V/cm are nearly same level as 
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Fig. la-c. Analyses of various electroporation conditions. 

Each luciferase activity was normalized per 1 mg of total 

proteins  in  each  lysate. Bars represent standard errors of n=3. 

a; Electroporation as functions of voltage and capacitance . 

The fat body cells (4 x 106 cells) suspended in 0.5  ml of Grace's 

insect medium were electroporated with 1 pmol of the plasmid 

p3OKLUC at a range of 50 V to 170 V in a 0.4 cm cuvette and two 

different capacitances, 1075 pF (a solid line) and 500 pF (a 

dotted line) . 2 x 106 cells were plated per 60 mm dish. Cell 

extracts were harvested on the 2nd day of cultivation and 

assayed for luciferase activity. Luminescence is plotted on 

the y-axis using a log scale. b; The effects of DNA 

concentration on luciferase activity. The fat body cells were 

electroporated with different concentrations of the plasmid 

p3OKLUC at 90 V and 1075 jiF in a 0.4 cm cuvette. The cells were 

harvested on the 2nd day and cell extracts were assayed for 

luciferase activity. c; Time course of luciferase activity 

after electroporation. The fat body cells were electroporated 

with 2 pmol/ml of the plasmid p3OKLUC at 90 V and 1075 pF in 

a 0.4  cm cuvette. Cell extracts were assayed at various times 

for luciferase activity. Luminescence is plotted on the y-

axis using a log scale.



those at 1075  [IF.  The cells exposed to the electric field below 

225 V/cm adhered on the surface of culture dish and clustered 

after plating, while the cells exposed voltage above 325 V/cm 

adhered little on the dish. So, I adopted 225 V/cm and 1075 

11F as optimum conditions of voltage and capacitance, 

respectively. 

     Fig. lb shows the correlation between DNA concentration in 

the electroporation buffer and luciferase activity in the 

transfected cells. The activity increased in proportion to the 

DNA concentration up to 3 pmol/ml, then decreased at 4 pmol/ml . 

The time course of luciferase activity after electroporation 

is also shown in Fig. lc. Luciferase activity sharply increased 

until 2 days after electroporation and reached maximal on the 

day-3 of cultivation. So, I settled the time to harvest the 

cells on the 2nd day after electroporation, since the 

transfected cells on the 3rd day of cultivation adhered too 

tight to be scraped completely, though the higher luciferase 

activity occurred on the day-3. 

     For reason mentioned above, I, hereafter , performed 

electroporation at 225 V/cm, at 1075 p F and 1 pmol of DNA in 

0.5  ml of serum-free Grace' s insect medium as an electroporation 

buffer containing 4 x 106 fat body cells and the transfected 

cells were harvested on the 2nd day of cultivation . 

Promoter specific effects in B. mori fat body cells 

Using the optimized conditions mentioned above , I analyzed 

the promoter activities of three different Bombyx genes , 30K 

protein 6G1, cytoplasmic actin A3 and LCP30 genes , to drive a 

luciferase reporter gene in fat body cells (Fig . 2). The 
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Fig. 2. Luciferase activity in B. mori fat body cells on 

transfection with each plasmid containing different promoters . 

The fat body cells were electroporated with 2 pmol/ml of the 

plasmid p3OKLUC (30K), pLCP3OLUC (LCP), or pBmactA3LUC (Bmact) 

under the optimized condition. Cell extracts were harvested 

on the 2nd day of cultivation and assayed for luciferase 

activity. These results are shown at mean of three experiments 

with its associated standard error.



 plasmid p30KLUC contains the 5 ' upstream sequence of 30K protein 

6G1 gene, which is fat body-specific gene, and the plasmid 

pBmactA3LUC contains the promoter region of ubiquitous 

cytoplasmic actin A3 gene. These plasmids generated the high 

luciferase activity in the trans fected cells. On the other hand, 

the plasmid pLCP30LUC, containing the 5' upstream region of the 

LCP30 gene, a larval epidermis-specific gene (Nakato et ail 

1994), generated negligible luciferase activity. These 

results clearly show that the promoter-reporter gene constructs 

introduced into fat body cells exhibit highly regulated 

tissue-specific expression.

Analysis of the regulatory elements in 30K protein gene promoter 

    To clarify the role of the 5' upstream region of the 30K 

protein 6G1 gene in transcription, a series of the 5 ' deletion 

mutants were constructed from p30KLUC as described under 

"MATERIALS AND METHODS" . The master plasmid p30KLUC and the 

deletion constructs were introduced into the cultured fat body 

cells and the luciferase activities were assayed after 

cultivation. The test of significance among each of the data 

was performed by Tukey method (1% as a standard) using SAS system 

(PROC ANOVA) . There was no significance between the data from 

deleted mutants of —848 and —176, or —48 and —11 in Fig. 3, 

respectively. Significance existed among each of the data from 

other constructs. 

    When the construct deleted to nt position -848 was 

introduced into the fat body cells, the luciferase activity 

increased about twice compared with the result of introducing 

p30KLUC (-1668 construct in Fig. 3b). It is likely that

5?



 a.

-1E668  -84

IA TA

h.

a) 
U 
~ 7 
ti 
U 
a) 

E a l 

a)

()
-1668 -848 -376 -176  -116 -48 -11

Fig. 3. Expression analysis of p3OKLUC constructions. 5' 

Deletion mutants of p3OKLUC are shown in Fig. 3a with end-point 

positions of each deletion. The fat body cells were 

electroporated with 2 pmol/ml of each deletion mutant and the 

luciferase activities were assayed on the 2nd day after 

electroporation. The results are given relative to full 

promoter activity (p3OKLUC).



silencer-like element exists in the region between nt position 

-1668 and -848.  The activity of luciferase kept at high levels 

when the mutants construct lacking various length of the 5' 

upstream region between -848 and -176 were introduced in the 

fat body cells. However, deletion extending to nt position-116 

led to marked decrease in the luciferase activity. These 

results strongly suggest that some enhancer elements for 

tissue-specific expression of 30K protein 6G1 gene exist 

between nt position -176 and -116. The further deletion 

extending to nt position -48, which is 18 bases upstream of TATA 

box, led to the loss of luciferase activity, showing that the 

sequence between nt position -116 and -48 includes some basal 

regulatory elements for the transcription. These results 

indicate that some contiguous nucleotide sequences existing 

upstream of 30K protein 6G1 gene play positive roles in 

expression of the fat body-specific gene.

Analysis of the JH-responsive element 

    Previous study indicated that the synthesis of 30K protein 

is negatively regulated by JH in vivo ( Izumi et al. 1984) . To 

confirm that the fat body cells in the primary culture also 

respond to JH, the cells were incubated in the presence of a 

JH analogue, methoprene, and the protein syntheses in the 

methoprene-treated cells were analyzed on the 5th day of 

cultivation. As shown in Fig. 4, the cells treated with 

methoprene hardly synthesized any 30K proteins, while the 

syntheses of other proteins were not affected by methoprene. 

So, I attempted to treat the fat body cells with methoprene after 

introduction of the promoter construct of 30K protein 6G1 gene. 
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Fig. 4. Effects of JH on protein syntheses in the primary 

culture of the fat body cells.The fat body cells prepared from 

female larvae on day-1 of the fifth instar were cultured in the 

presence ( +JH ) or absence (-JH) of methoprene as described in 

"MATERIALS AND METHODS"
. Each cell preparation was incubated 

with 50 p1 of PBS containing 30 pCi [ 35S ] -methionine for 3 hr 

at 27°C. The cells were dissolved in each 50 pl of SDS sample 

buffer and total proteins in each preparation were 

electrophoresed and the labeled proteins were detected by 

fluorography.



The test of significance among each of the data was also 

 performed using SAS system as above. 

    As depicted in Fig. 5, methoprene-treated fat body cells 

after introduction of the plasmid p3OKLUC remarkably decreased 

the luciferase activity approximately to 30% as compared with 

control experiment, in which the transfected cells were treated 

with ethanol, solvent of methoprene (-1668 in Fig. 5). By 

contrast, the luciferase activity in the cells transfected with 

the pBmactA3LUC was not affected by the methoprene-treatment 

(Bmact in Fig. 5). Subsequently, to analyze the JH-responsive 

element lying on the 5' upstream sequence of 30K protein 6G1 

gene, I treated the fat body cells after introduction of a series 

of deletion mutants with methoprene and assayed luciferase 

activity in the cell lysates. Methoprene-treatment of the fat 

body cells trans fected 5' deletion constructs from nt position 

-1668 to -176 led to decrease luciferase activities to 

approximately 30% as compared with each control. There was no 

significance among each of the data from deleted mutants of 

-1668 to —176 in the presence of methoprene . Deletion extending 

to nt position -116, however, led to reduce the sensitivity for 

methoprene. The luciferase activity in the methoprene-treated 

cells transfected the deletion construct to nt position -116 

was 60% of that of control experiment (-116 in Fig. 5). The 

result of the test of significance supports the existence of 

significance between the data from —116 construct and other 

constructs in the presence of methoprene. These results show 

that some contiguous nucleotide sequences being upstream of 30K 

protein 6G1 gene respond to JH and play negative roles in 

expression of the fat body-specific gene in the presence of JH.
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Fig. 5. Effects of JH on luciferase activity in each cell 

transfected with 5' deleted promoter constructs of 30K protein 

6G1 gene. The fat body cells were electroporated with 2 pmol/ml 

of each deletion mutant then cultured in the presence or absence 

of methoprene. The cells were harvested on the 2nd day of 

cultivation and cell extracts were assayed for luciferase 

activity. The results are given as the luciferase activity from 

the cells in the presence of methoprene relative to that from 

the cells in the absence of one.



DISCUSSION

    Major plasma proteins termed 30K proteins are synthesized 

by the fat body cells of the silkworm,  Bombyx mori, in a tissue-

and stage-specific manner during the larval development (Gamo 

1978; Izumi et al. 1981; Sakai et al. 1988; Mori et al. 1991) . 

To investigate the molecular mechanisms underlying expression 

of plasma protein genes, the cell-free transcription systems 

have been developed from the nuclear extract of the larval fat 

body cells, which preferentially transcribed a homologous 

storage protein gene in a promoter specific manner (Mine et al. 

1995). However, it is difficult to completely reproduce the 

specificities of plasma protein gene expression in the 

cell-free system. In this section, an alternative attempt for 

the analysis of expression of plasma protein genes was made to 

introduce the gene constructs into the primary cultured cells 

of the B. mori fat body. Transfection approaches of DNAs into 

primary cultured cells have seldom been adopted for almost every 

animal, containing the silkworm, B. mori. However, I finally 

succeeded to introduce DNAs into the primary cultured fat body 

cells of B. mori using an electroporation technique (Chu et al. 

1987). Quon et al. (1993) have already developed a transfection 

method of DNAs into isolated rat adipose cells by 

electroporation. They reported that six shocks at 800 V and 

25 jiF in 0.4 cm cuvette resulted in efficient transfection. On 

the other hand, optimum conditions to introduce DNA into the 

cultured fat body cells of B. mori are one shock at 90 V and 

1075 pF in 0.4 cm cuvette.
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    The  fat body cells of B. mori in primary culture actively 

synthesize pi asmna proteins such as storage proteins and 30K 

proteins (Section I in this thesis) . As shown Fig. 2, each gene 

construct introduced into fat body cells was also expressed in 

tissue-specificity manner. Namely, the 30K protein and the 

actin promoter constructs revealed high luciferase activity in 

the cultured fat body cells, the other hand, the promoter of 

LCP30 gene, which expresses in the larval epidermis, had little 

transcription activity in the cells. This result shows that 

introduction of DNA into the primary cultured cells of the fat 

body is an efficient system to study the regulatory mechanism 

of expression of fat body-specific genes, including plasma 

protein genes. Subsequently, I analyzed the effect of the 5' 

upstream sequence of 30K protein 6G1 on the transcription. The 

analysis showed that some enhancer elements located between nt 

position —176 and —48 from the transcription initiation site 

of the 30K protein 6G1 gene. Previously, Mori (1992) showed 

that at least three nuclear proteins in the fat body cells of 

early fifth instar larvae bound to the sequence between nt 

position -186 to -49 of 30K protein 6G1 gene by a gel shift assay. 

The computational analysis of the cis-acting elements using TF 

search program revealed the consensus binding sequences of many 

transcriptional factors, including broad complex (BRC) and 

CCAAT displacement protein (CDP). BRC is one of early gene 

products induced by ecdysteroid (Andres et al. 1993; Thummel 

1996). BRC might be one of candidates for transcription factors 

of 30K protein genes , because ecdysteroid elevates the rate of 

30K protein synthesis in the organ cultured fat body from the 

fifth instar larvae (Izumi 1981) . CDP is one of the CCAAT-



binding factors  in vertebrates (Superti-Furga at al. 1989; 

Skalnik at al. 1991) . It is possibly that a Bombyx homologue 

of CDP raises the basal transcription level of 30K protein gene. 

The physiological functions of JH are well studied using 

a powerful JH analogue, methoprene, but the molecular 

mechanisms of JH action are little known. One of the most 

crucial reasons is that the JH receptors have not been 

identified yet. On the other hand, the JH binding proteins, 

which circulate the JH in insect hemolymph, have been identified 

and characterized (Trowell 1992). It is also known that JH 

participates in the regulation of expression of many genes 

(Dhadialla and Wyatt 1983; Bosquet and Calvez 1985; Miura at 

al. 1998) , but the JH-responsive elements of each gene have not 

been identified yet. The delay of research on mechanisms of 

JH action as above is due to the lack of several key experimental 

capabilities. 

    Izumi et al. (1984) reported that the synthesis of 30K 

proteins in B. mori seemed to be suppressed by JH. In this study, 

I clearly showed that methoprene completely suppressed the 

expression of 30K protein gene in the primary culture system 

of fat body cells. Subsequently, I performed a series of 

experiments to clear the location of JH-responsive elements in 

the 5' upstream region of 30K protein 6G1 gene. As shown in 

Fig. 5, the JH-responsive element of 30K protein 6G1 gene 

localized downstream of nt position —176, just overlapping with 

its enhancer sequence. These results indicate that the 

expression of 30K protein 6G1 gene is regulated by the 

competitive binding of the transcriptional activators and the 

JH-responsive transcriptional repressors to the downstream 
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sequence of nt  position -176. BRC might be a candidate of 

transcriptional factors controlling the expression of 30K 

protein 6G1 gene as mentioned above. It is known that 

expression of BRC gene is regulated by not only ecdysteroid but 

also JH (Restifo and Wilson 1998; Zhou et al. 1998b). 

      In this study, I provided a new and powerful approach to 

analyze the cellular and molecular modes of JH action. This 

method is fairly helpful to make clear the JH-mediated gene 

regulation, including to identify the nuclear receptors of JH.
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