
Biochemical and Molecular Biological Analyses of 

the Effects ofHost Factors 

on the Replication of Baculoviruses 

2012 

Kyung-Don Kang 



Biochemical and molecular biological analyses ofthe effects ofhost factors 

Contents 

on the replication ofbaculoviruses 

K戸mg-DonKang

Introduction ---一一一一一一一一

Chapter 1 

q
L
 

T
A
 

白し
V
B+L P
 
a
 

L
H
 
C
 

Chapter 3 

Chapter 4 

Effect of starvation upon baculovirus replication in larval Bombyx mori 

and He/iothis virescens -一一一一一一一一一一一一一一一一一一一一一一一一一一--8

Materials and Methods一一一一一一一--------一一一一一一一一一一一一一-8

Results and Discussion -一一一一一一一一一一一一一一一一一一一一一一-12

Summary 一一--------ー一一一一一一一一一一一一-------------一一一一26

Effect of ecdysteroid on virus replication in larvae infected with Bombyx 

mori nucleopolyhedrovirus --------ー一一一---------一一---------一一一27

Materials and Methods ----------一一一一--------------一一一一一一-28

Results and Discussion --一一--------一一----------------一一一一一-30

Summary一一一一一一一一一一一一一一一一一一一一一39

Comparative analysis of α-glucosidase activity in Bombyx mori and 

Antherαeαyαmαmαi 一一一一一一一一一一一一一一一一一一一---40

Materials and Methods --------一一一一一一一一一一一一一一----------40

Results and Discussion ------------一一一一一一--------一一一一------43

Summary 一一一一一一一一一一一一一一一一一一一一--53

Effect ofトdeoxynojirimycinon the replication of baculoviruses， 

Bombyx mori nucelopolyherovirus and Autographa californica multiple 

nucleopolyhedrovirus一一一一一一一一一一一一一一一一一一-54

1 



Chapter 5 

Materials and Methods一一一一一一一一一一一一一一一一一一一一一一-56

Results -一一一一一一一一一一一一一一一一一一一一一一一一一一一一一一--59

Discussion --一一一一一一一一一一一一一一一一一一一一一一一一一一一一--67

Summary 一一一一一一一一一一一一--------ー一一一一一--68
I，dentification of the genes involved in 1-deoxynojirimycin biosynthesis 

in Bacillus subtilis MORI 3k-85一一一一一一一一一一一一一一一一一一一一一-70

Materials and Methods一一一一一一一一一一一一一一------一一一一一一71

Results 一一一一一一一一一一一一一一一一一一一一一一一一一一一一一一一一77

Discussion ---------一一---------一一一---------一一一一一-93

Summary 一一---------一一一一一一一一-------一一一一司----95

General Discussion --一一一一一一一一一一一一一一一一一一一一一一一一一一一一一--------一一一--97

References --一一一一一一--------一一一一一一------------一一一一一一一一一一一一一一一一-------103

11 



Introduction 

A virus is an obligate parasite that requires the cellular machinery of a host cell 

to produce progeny (Lobo et al.， 2009; Wimmer etα1.， 2009). Because of this 

dependence on the host cellular machinery， the interactions between the virus and host 

are continuously coevolving (Lobo etα1.， 2009). The physiological condition of the 

host is an important factor for viral replication. The nutrient composition of food plays 

an important role in the growth rate of insects and affects the lethal time of virus-

infected insects (Hoover etα1.， 1997). 

Baculoviruses are classified in the family Baculoviridae. About 600 insect 

species， primarily found in Lepidoptera， are hosts of baculoviruses (Hemiou et al.， 

2004). Based in part on the morphology of the baculovirus occlusion body， 

baculoviruses are divided into two m可orgroups， nucleopolyhedrovirus (NPV) and 

granulovirus (GV). The GV virion contains only one nucleocapsid per envelope， the 

NPV virion on the other hand contains single or multiple nucleocapsids per envelope. 

After baculovirus genomic DNA sequence information has become more widely 

available， the family Baculoviridae has recently been divided into four genera: 

alphabaculovirus (lepidopteran NPV s)， betabaculovirus (lepidopteran GV s)， 

gammabaculovirus (hymenopteran NPVs)， and deltabaculovirus (dipteran NPVs) 

(Rohm田m，2011). The genome of NPVs is double-stranded， circular， supercoiled 

DNA of 80-180 kbp. Baculovirus nucleocapsids are rod-shaped and composed of 11・

25 kinds of structural proteins. The baculovirus virion is 20-50 nm in diameter and 

200-500 nm in length. Baculoviruses have a Ullique biphasic replication cycle that 

involves the formation of two types of progeny virions: budded virus (BV) and 

occlusion-derived virus (ODV). BV is produced during an early stage of the 



replication cycle and obtains its envelope as it buds through the cell plasma membrane. 

ODV on the other hand is formed during a late stage of the replication cycle and obtains 

its envelope “de novo" while in the cell nucleus. The ODV is subsequently occluded 

in a protein matrix resulting in the formation of a granule or a polyhedron. These 

occlusion bodies play important roles for protection and maintaining the activity of 

virions embedded within them'(Smith et al.， 1983; Vlak and Rohrmann， 1985). ODVs 

are primarily involved in insect-to-insect transmission， whereas BVs are involved in 

cell-to-cell transmission within a single host. Each polyhedron is typically 0.5-1.5μm 

in diameter and can be visualized by light microscopy (Summers and Amott， 1969; 

Kelly， 1985). The polyhedrin gene (polh) is expressed by a very late and very strong 

promoter that produces a ca. 30 kDa protein that can constitute 30% of the mass of a 

cell during a late stage of infection. During the budding process， the BV envelope 

acquires the virus-encoded glycoprotein， gp64， which is a homotrimeric membrane 

glycoprotein and a low pH activated envelope fusion protein (Roberts and Faulkner， 

1989; Volkman， 1986). Gp64 is produced during both the early and late phases ofthe 

infection cycle and essential for budding of the virion out of the cells as well as binding 

to cell surface. 

Wild type NPV s and GV s are used as effective and selective biopesticides to 

protect crops and forest企omharmful insects (Huber， 1986). Despite interest and 

attractiveness， the use of baculoviruses for pest insect control has been limited， because 

the wildtype viruses have slow speed of kill and limited host range in comparison to 

most synthetic chemical insecticides. The inherent insecticidal activity of the 

baculovirus can be increased by genetic engineering (Inecoglu et al.， 2006; Kamita etα1.， 

2005). In addition， NPVs訂eused as protein expression vectors (Summers， 2006). 
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Baculovirus-expressed proteins are biologically active and show co汀ectpost-

translational modifications (Maeda， 1994). 

Insects are the most diverse group of animals in the world and represent more 

than half of all living organisms. Most insects are phytophagous and others are 

carnivorous， omnivorous， or parasitic. The struc加reand physiology of the digestive 

system of insects are highly varied because insect feeding habits are diverse (Gillott， 

1980). In insects， metamorphosis is the biological process of development， that is 

divided into two types: incomplete metamorphosis and complete metamo中hosis

(Gullan and Cranston， 2005). Insects that undergo complete metamorphosis display 

four distinct life stages: egg， larva， pupa， and adult. In contrast insects that undergo 

incomplete metamo中hosislack a pupal stage， and they develop through a series of 

n戸nphalstages. In general， ecdysone is a molting hormone， which is synthesized and 

secreted企omthe prothoracic gland by stimulation of prothoracicotropic hormone 

(PTTH) produced from the insect brain. Juvenile hormone (JH) is another key insect 

hormone that is secreted from the co伊oraallata. When JH is present in the 

hemolymph at low nanomolar levels the sωtus quo is maintained so that the juvenile 

stage is maintained， i.e. a larva to larva or n戸nphto n戸nphmolt occurs. In contrast， 

when JH titer is dramatically reduced to undetectable levels， and when there are two 

concu汀entspikes of ecdysteroid the insect undergoes a developmentally more advanced 

molt， i.e.， larva to pupa or n戸nphto adult (Gilbert， 1973). Insects can damage a crop 

plant by feeding on sap， leaves， or fruits. Insects also transmit disease to humans and 

livestock by biting and feeding on blood. In contrast beneficial insects provide 

ecological benefits or direct economic benefits. Bombyx mori， the silkworm， is a 

beneficial and domesticated insect which is classified in Hexapoda， Lepidoptera， 
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Bombycidae. The si1kworm is a specia1ist that feeds exclusive1y on mu1berry 1eaves 

(Konno etα1.， 2006). Sericu1ture is the process of breeding si1kworms for producing 

raw si1k. The origins of sericu1ture are found more than 5，000 years ago in China and 

spread to Korea and Japan and 1ater to India and the West (Barber et al.， 1992). In 

addition， si1kworms are very use白1as an experimenta1 anima1 because genetically 

identica1 (or nearly genetically identica1) strains are avai1ab1e and easi1y prepared as 

deve10pmentally staged individua1s (Banno et al.， 2010). 

Lepidopteran 1arvae that are infected with NPV generally do not mo11. The 

reason for this is that the NPV encodes a specific gene， ec砂steroidUDP-glucosyl 

transferαse (egt) whose product can inactivate ecdysteroid in insects (O'Reilly， 1995). 

The egt gene encodes ecdysteroid UDP-g1ucosyltransferase (EGT) an enz戸nethat 

cata1yzes the transfer of UDP-g1ucose to carbon-22 of ecdysteroids resulting in the 10ss 

of activity (O'Reilly and Miller， 1989; Burand and Park， 1992). The result is that an 

increase in the production of progeny viruses because molting and pupation is inhibited 

in the virus-infected insect (O'Reilly， 1995). Recently， Hoover et al. (2011) found that 

egt gene is responsib1e for controlling climbing behavior of the viru日nfectedhos1. 

Thus， the egt gene appears to be an evo1utionarily advantageous gene. 

O'Reilly and Miller (1991) have made a mutant Autographa cαlifornica multip1e 

NPV (AcMNPV) which 1acks its egt gene. Larvae infected with the mutant AcMNPV 

shows a decrease in food consumption and die faster in comparison with larvae infected 

with wild type virus. In addition， 1arva1 B. mori infected with a mutant Bombyx mori 

NPV (BmNPV) in which its egt gene is inactivated die 12 hours faster than those 

infected with wild type BmNPV (Kang et al.， 1998). Inactivation of the egt gene is 
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nowa common method to reduce the time that a virus takes to kill its host (Georgievska 

et al.， 2010; Harison et al.， 2008; Inecoglu et al.， 2006). 

Glycosidases such as sucrase， maltase， and trehalase break down complex 

carbohydrates that are found in insects， microorganisms， plants， and mammals 

(Nishimoto et al.， 2001).α-Glucosidase (EC 3.2.1.20) is a glycosidase that catalyzes 

the hydrolysis of carbohydrates having a 1，4-α-glucosidic linkage. In insects，α-

glucosidases are generally found in the alimentary canal， salivary secretions and 

hemolymph. In insects mostα-glucosidases such as maltase and sucrase are involved 

in the digestion process. Trehalase is responsible for the hydrolysis of trehalose， a 

major sugar in the hemolymph of insects and an important energy source for insect 

tissues (Sato etα1.， 1997). α-Glucosidases have been purified and biochemical1y 

characterized， and their DNA sequences identified， from honeybee， sandfly， and 

whitefly (Gontijo etα1.， 1998; Ohashi et al.， 1996; Salvucci， 2000). 

1-Deoxynojirimycin (DNJ) is a po1yhydroxylated alkaloid in which the ring 

oxygen is replaced by nitrogen (Asano et al.， 2001). DNJ has a function to i油ibitα-

glucosidases. DNJ is found at high levels in plants such as MorusαlbαL.， mulberry 

仕ee，and Omphαlea diandra (Asano et al， 2001; Kim et al.， 2003; Kite et al.， 1997) and 

in silkworm (Asano et al.， 2001). DNJ is produced by microorganism such as Bacillus 

and Streptomyces (Ezure et al.， 1985; Hardick and Hutchinson， 1993; Stein et al.， 1984; 

Watson and Nash， 2000). DNJ has been 山 diedin terms of its ability to inhibit the 

increase in the blood sugar levels that occur after a meal. Because DNJ has only 

moderate α-glucosidases inhibitory activity， DNJ has been modified to various 

derivatives such as miglitol and sold as a drug for control1ing diabetes (Asano et al.， 
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2001). DNJ is also known to inhibit virus replication by the inhibition of α-

glucosidase 1 and II， two enz戸nesinvolved，in the biosynthesis of glycoproteins found 

in viral envelope proteins. Thus， DNJ and its derivatives have been studied as antiviral 

agents for the control ofbovine viral diarrhea virus， dengue virus， Japanese encephalitis 

virus， hepatitis B virus， human immunodeficiency virus， and human parainfluenza virus 

(Chang et α1.， 2009; Jacob etα1， 2007; Metha etα1.， 2002; Tanaka etα1.， 2006; Whitby 

et al.， 2005 Wu etα1.，2002). 

Studies about the mass-production of DNJ in Bαcillus and Streptomyces are 

actively reported. However， the DNJ biosynthetic pathway is still not completely 

known. A few research teams have studied the DNJ biosynthetic pathway by isotope 

labeling analysis. In Bαcilli and Streptomyces， it has been proposed that DNJ is 

synthesized企oma glucose molecule by C2/C6 cyclization (Hardick etα1.， 1991， 1992; 

Hardick and Hutchinson， 1993). In the higher plant Commelina communis， it has been 

suggested that DNJ is biosynthesized through a different route involving the C I/C5 

cyclization of the original glucose molecule in comparison with that found in Bαcilli 

and Streptomyces (Shibano et al.， 2004). Currently， information regarding the genetics 

and biosynthetic enz戸nesthat are involved at each step of the biosynthesis process of 

DNJ are unavailable. 

In this thesis， 1 hypothesized that the hormonal and nutritional conditions of the 

host would affect the replication of baculoviruses. Thus， 1 investigated the effects of 

ecdysteroid application and starvation of the host on the replication of the baculovirus. 

In addition， 1 investigated how BmNPV is able to efficiently generate progeny in 

silkworms even in the presence of high DNJ concentrations. 1 performed comparative 

analyses of the effect of DNJ on the replication of BmNPV and AcMNPV， a virus that 
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is pathogenic to Spodoptera frugiperda a generalist in terms of the food plants that it 

will eat. 1 also investigated whether the high levels of DNJ that are found in 

silkworms results from high levels of biosynthesis or originates in the diet of the 

silkworm. 
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Chapter 1. Effect of starvation upon baculovirus replication in larval 

Bombyx mori and He/iothis virescens. 

The availability of food in insects plays a critical role in larval growth and 

subsequent metamorphosis. When food resources are depleted during the juvenile 

stage， some insects possess evolutionary mechanisms to retard development， whereas 

others show accelerated metamorphosis (see Cymborowski et al. 1982; Shafiei et al. 

2001; Munyiri and Ishikawa， 2005). In B. mori， DNA synthesis activity in prothoracic 

glands is nutrient-dependent during the last larval instar (Chen and Gu， 2006). A 

shortage of food during this period results in an increase in ecdysteroid production， 

which is hypothesized to help enhance survival. Hoover etα1. (1997) have also shown 

that the nutrient composition of the diet not only affects the relative growth rate of the 

insect but also affects the median lethal time (LT 50) of a baculovirus that infects the 

msect. 

In this chapter， larvae of the silkworm Bombyx mori (5th instar) and tobacco 

budworm He/iothis virescens (15t or 3rd instars) were inoculated (orally with polyhedra 

or by injection of BV) with wild type or recombinant baculovirus. Following 

inoculation the larvae were starved for 12 or 24 h before being placed on diet. 

Altematively， the inoculated larvae were placed on diet， starved for a 24 h-long period 

at 1 or 2 days post inoculation (p.iよ andthen placed back on fresh diet. The effect of 

host starvation on baculovirus pathogenicity， larval mortality， and larval mass were 

quantified. 

Materials and methods 

Insects and viruses 
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Eggs of the silkworm B. mori and tobacco budworm H. virescens were obtained 

from the National Institute of Agricultural Science and Technology (Republic ofKorea) 

and United States Department of Agriculture， Agricultural Research Service (Stoneville， 

MS)， respectively. Larvae of B. mori and H. virescens were reared on artificial diet at 

260C as described previously (Choudary et al. 1995; Hoover et al. 1997). Wild type 

Autographa californica multicapsid nucleopolyhedrovirus (AcMNPV) and AcAaIT， a 

recombinant AcMNPV carrying the insect-selective scorpion toxin gene AaIT 

(Choudary et al. 1995; Hoover et al. 1997)， were propagated on Sf9 cells. Wild type B. 

mori NPV (BmNPV) (Maeda et al. 1985) and BmCysPD， a recombinant BmNPV in 

which the endogenous cysteine protease gene was replaced with a lacZ gene cassette 

(Ohkawa et al. 1994)， were propagated on Bm5 cells. The Sf9 and BmN cells were 

maintained on TC-l 00 supplemented with 5% and 10% fetal bovine serum， respectively， 

as described previously (OReilly etα1. 1992; Choudary et al. 1995). Viral titers were 

determined by end-point dilution on Bm5 or Sf9 cells as appropriate (OReilly et al. 

1992). 

Bioαssαy， starvα:tion regimes，αnd hemolymph collection 

Neonates of H. virescens were inoculated with AcMNPV by a droplet feeding 

method (Hughes et al. 1986). Each droplet (1 111) contained 2000 PIBs and 5% (v:v) 

blue food coloring in distilled H20. Only larvae that completely ingested the droplet 

during a 1 h-long exposure were used in the bioassays. Following inoculation， the 

neonates were starved for 0， 12 or 24 h， and then transferred to fresh diet. Each 

treatment cohort consisted of 30 larvae. Mortality was checked at 4 to 6 h intervals 

until all larvae died. Third instar larvae of H. virescens， 30 or 48 larvae per cohort， 
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were inoculated by allowing the larvae to completely ingest a plug of artificial diet 

(during a 12 h-long exposure period) contaminated with AcMNPV (4000 PIBs) or 

AcAaIT (4000 PIBs). Following inoculation， the larvae were starved for 0 or 24 h， 

and then transferred onto fresh diet. Mortality was checked at 4 to 6 h intervals. The 

rd viral doses (2000 PIBs per neonate and 4000 PIBs per 31u instar) were sufficient to 

induce 100% mortality by 6 days p.i. 

Female larvae of B. mori， one day after the 4th larval ecdysis， were inoculated by 

hemocoelic injection of 20μ1 of tissue-culture medium containing 2.9 x 104 TCIDso of 

BmNPV or BmCysPD as described previously (Choudary et al. 1995). Following 

inoculation， the larvae were starved for 0， 12 or 24 h and then placed on企eshdiet. 

Other larvae were placed on diet immediately after inoculation， starved for a 24 h-long 

period at 1 or 2 days p.i.， and then returned to企eshdiet. Larval mortality was scored 

at 4 to 6 h intervals. Larval mass was determined at 24 h intervals. At 3 or 4 days 

p.i.， the hemolymph was collected into a chilled microfuge tube containing a few 

crystals of phenylthiourea by piercing a proleg with a sterilized pin as described 

previously (Choudary et al. 1995). The hemolymph was appropriately diluted and the 

titer of virus in the hemolymph was determined as described below. Median lethal 

time to death (LTso) was determined using the POLO prohibit analysis program (LeO吋.

SDS-PAGEαnd western blotαnα.zysis 

Hemolymph proteins were separated by SDS-(12%)PAGE as described by 

Laemmli (Laemmli 1970). The hemolymph sample was pooled from 10 individuals 

(100μ1 from each larva) for each trea回 entgroup. Prior to SDS-PAGE， the 

hemolymph sample was mixed with sample buffer (final concentration of 2% SDS， 6.25 
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mM  Tris-HCl pH 6.7， 15% glycerol and 100 mM  dithiothreitol) and boiled for 5 min. 

Following electrophoretic separation of the proteins， the gel was stained with 

Coomassie brilliant blue R-250. For westem blot analysis， pooled hemolymph 

proteins from 10 individuals were separated by SDS-(12%)PAGE as described above 

and then transferred to a nitrocellulose membrane. Following protein transfer， the 

membrane was blocked with 3% (w:v) gelatin in Tris-buffered saline (TBS) for 1 h， and 

then incubated for 2 h with mouse anti-polyhedrin antibody (a gift企omPro王YeonHo 

Je， Seoul National University). The mouse anti-polyhedrin antibody was diluted 

1:10，000 in TBS containing 0.02% Tween 20 (TBS-T) containing 1% (w:v) gelatin. 

Following incubation with the first antibody the membrane was washed with TBS-T， 

and then incubated for 1 h with rabbit anti-mouse alkaline phosphatase-conjugated 

antibody (Bio-Rad). The rabbit anti-mouse alkaline phosphatase-conjugated antibody 

was diluted 1:3，000 in TBS-T containing 1% (w:v) gelatin. Following incubation with 

the second antibody the membrane was washed with TBS-T， and then stained using an 

Alkaline Phosphatase Conjugate Substrate Kit (Bio-Raのfollowingthe manufacturer's 

protocol. 

Histochemical analysis of the transmission of BmCysPD in 5th instar B. mori 

The expression of s-galactosidase， an indicator of BmCysPD transmission in 

tissues of B. mori， wa邸svisualized by staining with 5-七bromo-4.

glacto叩py戸ra組nos幻id白e(X-g伊alり). At the appropriate time p.i.， each larva was secured onto a 

block of Styrofoam with dissecting pins and a longitudinal incision was made through 

the dorsal cuticle. The dissected larva or tissue was immersed with PBS (0.5 M 

sodium phosphate， 0.5 M NaCl， pH 6.0) for 3 min. The PBS was then replaced with 
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fixative solution (4% paraformaldehyde in PBS). After 20 min， the larvae were 

washed twice with PBS and infused with staining solution [5 mM ~Fe(CN)6， 5 mM 

K3Fe(CN)6ヲ2mM MgCh in distilled H20] containing 2 mglml of X-gal and placed in 

total darkness for 6-12 h as described previously (Engelhard et al. 1994). 

Determinαtion of viral titer 

The hemolymph of virus-infected larvae (following starvation for a 24 h-long 

period immediately following inoculation or at 1 or 2 days p.i.) was collected at 3 or 4 

days p.i. into chilled microfuge tubes and centrifuged at 1000xg for 5 min to remove 

hemocytes and other large particles and stored at -80oC. The viral titers were 

measured by end-point dilution with serially 10-fold-diluted samples by modifications 

ofthe method described previously (OReilly et al. 1992). 

Results and discussion 

Effect of stαrvα:tion on the time-mortality of virus-infected H. virescensαndB 

mon 

The effect of starvation on the mortality of virus-infected hosts was investigated 

in neonate and 3rd instar H virescens that were fed AcMNPV polyhedra and 

immediately starved for 12 or 24 h before placing them on a normal feeding regime. 

The L T 50S of neonate larvae that were starved for 12 and 24 h were 92.7 and 101. 6 h， 

respectively (Table 1). In comparison to non-starved controllarvae this corresponded 

to delays of roughly 13% (10.3 h) and 23% (19.2 h)， respectively， in the LT50・ The

LT50 of 3rd instar larvae that were starved for 24 h was 126.6 h (Table 1). This 

co紅白pondedto a delay of roughly 12% (13.2 h) in the LT50 in comparison to non-
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starved control larvae. Third instar larvae of H. virescens that were inoculated with 

AcAaIT， a recombinant AcMNPV carrying an insect-selective scorpion toxin gene， and 

starved for 24 h also showed a similar (13%) delay in LT50 (Table 1). Interestingly， 

this delay in LT 50 that resulted from the 24 h-long starvation period was consistent (i.e.， 

12% and 13%) even though AcAaIT-infected H. virescens died 30% more quickly (e.g.， 

79.7 h versus 113.4 h， Table 1) than AcMNPV-infected H. virescens. Although the 

effect of a starvation period prior to virus inoculation was not investigated in this s如dy，

these findings suggest that the widely used methodology of starving insects to 

encourage consumption of a full inoculum may result in artificially longer lethal times. 

Kawarabata et al. (1980) showed that prolonged starvation of B. mori reduces 

the ability of larval gut juices to dissolve polyhedra. This suggested that the delay in 

lethal time that 1 found following starvation might partially result企oma reduction in 

the release of occlusion-derived virions. Thus， the effect of starvation on baculovirus-

th induced mortality was also investigated in 5"1l instar B. mori that were inoculated by 

i吋ectionwith BmNPV or BmCysPD. The LT50 of larvae that were injected with 

BmNPV or BmCysPD and血enimmediately starved for 24 h was 10% (9.5 h) and 14% 

(14.5 h) longer， respectively， than that of non-starved con仕01larvae (Table 2). This 

delay in median lethal time was similar to that found in 3rd instar H. virescens that were 

inoculated per os. This suggested that a starvation-induced alteration in the midgut or 

midgut fluids was not a primary reason for the delay in median lethal time. In addition， 

these findings indicated that the delay in median lethal time is proportional to the 

duration ofthe starvation period (i.e.， the delay in the median lethal time (19.2 h) with a 

24 h-long starvation period was nearly twice that (10.3 h) following a 12 h-long 

starvation period). 
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The effect of the timing or onset of a 24 h-long starvation period was 

investigated in 5th instar B. mori that were inoculated with BmNPY. The larvae were 

injected with BmNPV and immediately placed on diet， then剖 1or 2 days p.i. the 

infected larvae were subjected to a 24 h-long starvation period. Control larvae were 

starved for 24 h immediately following injection， and then placed on fresh diet. A 

statistically significant difference was not found in the LT 50 (98.9 h) of larvae that were 

starved for a 24 h-long period at 1 day p.i. and larvae that were not starved (Table 2). 

The LT 50 (104.1 h) of larvae that were starved for a 24 h-long period at 2 days p.i. was 

longer by 6% (6.1 h) in comparison to larvae that were not starved (Table 2). These 

findings suggested that the early stages of infection are more sensitive to the effects of 

starvation. 1 hypothesize that once a critical viral load is surpassed that starvation has 

relatively little impact on larval mortality. 

Effect of st，αrvα:tion on viral replicαtion in the hemolymph ofB. mori 

The effect of starvation on hemolymph viral titer was investigated in 5th instar B. 

mori由atwere inocu1ated with BmCysPD. In these experiments， the larvae were 

starved for 24 h immediately after inoculation， and then placed on diet. At 3 days p.i.， 

the hemolymph titer ofBmCysPD was roughly 10-fold lower (i.e.， 7.0 x 106 versus 6.9 

X 107 TCID50/ml) in larvae that were starved for 24 h in comparison to control larvae 

that were not starved (Fig. 1). By 4 days p.i.， the hemolymph titer of BmCysPD 

increased in both starved larvae and non-starved controllarvae by roughly 10-and 20-

fold， respectively. These results suggested that the delay in median lethal times 

following starvation was the results of a reduction in hemolymph viral titer. 
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The effect of the timing or onset of a 24 h-long starvation period on hemolymph 

viral titers was investigated in 5th instar B. mori that were inoculated with BmNPV. 

The larvae were i可ectedwith BmNPV and immediately placed on diet. Then at 1 or 2 

days p.i.， the infected larvae were subjected to a 24 h-long starvation period before 

retuming the larvae to fresh diet. At 3 days p.i.， the hemolymph titer of BmNPV was 

4.2-fold (3.8 x 107 TCIDso/ml versus 1.6 x 108 TCIDso/ml) lower in larvae that were 

starved immediatel y after i可ection，respectively (Fig. 2). However， when the 

BmNPV-infected larvae were starved for a 24 h-long period at 1 or 2 days pムthe

hemolymph of titer of BmNPV was similar or higher in comparison to control larvae. 

At 4 days p.i.， a statistically signi五cantdifference (8.0 x 108 TCIDso/ml versus 2.9 x 109 

TCIDso/ml) in the hemolymph titer was found in larvae that were starved immediately 

after inoculation (Fig. 2). These findings were consistent with those of BmCysPD-

infected 5th instar B. mori and also suggested that the early stages of larval infection are 

more sensitive to the effects of starvation. 

ξfJect of starvation on viral transmission within B. mori 

The effect of starvation on virus pathogenesis was investigated by SDS四PAGE

and westem blot analyses ofhemolymph proteins and by X-gal staining ofwhole larval 

mounts. In order to analyze the composition of hemolymph proteins， 5th instar B. mori 

were injected with BmNPV， then starved for 24 h immediately after injection， and then 

placed on diet. The hemolymph was collected at 3 and 4 days p.i. In general， the 

onset and abundance of virus-specific proteins in the hemolymph appeared to be 

delayed in larvae血atwere starved for 24 h in comparison to non-starved larvae (Fig. 

3A). By westem blot analysis， a band of approximately 31 kDa was detected by the 
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mouse anti-polyhedrin antibody. The polyhedrin band was clearly detected at 3 days 

p.i. in the hemolymph of non-starved control larvae. However， in larvae that were 

starved for 24 h polyhedrin was not detected until 4 days p.i. (Fig. 3B). The SDS-

PAGE and westem blot analyses indicated that starvation delays the expression of 

virus-specific proteins in hemolymph. 

The effect of starvation on the progression of viral transmission in whole insects 

was observed by X-gal staining of 5th instar B. mori that were i吋ectedwith BmCysPD. 

The BmCysPD-injected larvae were starved for 24 h immediately after injection， and 

then placed on diet. Whole larval mounts were made and stained with X-gal at 3 or 4 

days p.i. At 3 days p.i.， the X-gal staining of the fat body tissues， silk glands， and 

Malpighian tubules (Figs. 4A， E， and G， respectively)企omthe non-starved larvae was 

more pronounced in comparison to larvae that were starved for 24 h (Figs. 4B， F， and H， 

respectively). However， by 4 days p.i. (Fig. 4C and D)， the intensity of X-gal staining 

of tissues from larvae that were starved for 24 h was similar to that observed in the non-

starved larvae at 3 days p.i. Mock-infected controllarvae displayed a distinctive ring 

of X-gal staining at the anterior end of the midgut. Weak X-gal staining was also 

observed in the foregut and midgut of some mock-infected larvae. The X-gal staining 

experiments suggested that starvation results in a delay in the spread of the baculovirus 

within the host. 

Effect ofstα!rvα:tion on the rαte ofgrowthα吋 massof virus-infected B. mori 

The effect of starvation on the rate of growth and mass of virus-infected larvae 

was investigated in 5出 instarB. mori that were injected with BmNPV and then starved 

for 0， 12 or 24 h before placing them on diet (Fig. 5A). BmNPV-infected larvae that 
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were not starved showed a uniform growth rate of 0.61 g/day until 3 days p・1.

BmNPV -infected larvae that were starved for 12 h immediately following injection 

showed a reduced growth rate (0.28 g/day) until 1 day p.i.， then showed a similar rate of 

growth (0.57 g/day) as larvae that were not starved until 3 days p.i. BmNPV-infected 

larvae that were starved for 24 h immediately following injection showed a similar 

pattem (Fig. 5A). These larvae showed no gain in mass during the 24 h-long 

starvation period， then showed a consistent gain in mass of 0.52 glday between 1 and 3 

days p.i. The average mass of 5th instar B. mori that were starved for 0， 12 or 24 h was 

2.4士 0.2，2.0士 0.1，and 1.6土 0.1g， respectively， at 3 days p.i. (Fig. 5A). No 

statistically significant differences in the mass ofBmNPV-infected larvae were found in 

the observations made at 3 and 4 days p.i. under any of the treatment regimes. 

The effect ofthe timing or onset of a 24 h-long starvation period on the mass of 

virus-infected larvae was determined using 5th instar B. mori that were i吋ectedwith 

BmNPV and then starved at 0， 1 or 2 days p.i. An increase in mass was not found 

during the 24 h-long starvation period regardless of when the starvation period was 

initiated (Fig. 5B). The average mass of BmNPV -infected larvae that were starved for 

24 h at 0， 1 or 2 days p.i. was 1.6士0.1，1.8土 0.1，and 1.6士0.1g， respectively， when 

measured at 3 days p.i. In comparison the mass of non-starved， BmNPV-infected 

larva was 2.4士 0.2g剖 3days p.i. These findings suggested that although starvation 

clearly inte町uptslarval growth， the timing of a 24 h-long starvation period has little 

effect on the final mass of the starved larvae. 

Conclusions 
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These results indicated that starvation reduces the rate of insect growth 

regardless of whether the insect is virus infected or not virus infected. The starvation-

induced reduction in insect growth was coincident with a reduction in virus replication 

and pathogenicity (i.e.， an increase in median lethal time). This reduction in virus 

replication and pathogenicity was more pronounced when the starvation occurred during 

the early stages of virus infection suggesting that there is a critical viral load beyond 

which starvation has little impact on larval mortality. 
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Table 1. Effect of starvation immediately following inoculation on the time-mortality 

ofvirus-infected H. virescens 

Duration of 
95% Confidence limits (h) 

Instar Virus 
starvation (h) 

LTso (h) 

Lower Upper 

AcMNPV 。 82.4 79.8 84.6 

AcMNPV 12 92.7 89.3 96.0 

AcMNPV 24 101.6 99.0 104.2 

3 AcMNPV 。 113.4 107.5 119.2 

3 AcMNPV 24 126.6 120.0 134.3 

3 AcAaIT 。 79.7 77.4 82.3 

3 AcAaIT 24 89.9 85.9 96.0 
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Table 2. Effect of starvation on the time-mortality ofvirus-infected 5th instar B. mori 

Start of 
Duration of 

95% Confidence limits 

Virus 
starvatlOn 

starvatlOn LTso (h) 
(h) 

period (days 
p.i.) 

(h) Lower upper 

BmNPV 。 。 98.0 95.6 99.9 

BmNPV 。 24 107.5 105.9 109.3 

BmCysPD 。 。 100.6 99.1 102.0 

BmCysPD 。 24 115.1 111.6 118.6 

BmNPV 24 98.9 97.2 100.3 

BmNPV 2 24 104.1 102.3 105.6 
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Fig. 1. The effect of starvation on the replication of BmCysPD in 5th instar B. 

mori. The larvae were starved for 0 h (black bars) or 24 h (grey bars) immediately 

following inoculation by injection with BV， then placed on企eshdiet. At 3 or 4 days 

p.i.， hemolymph was collected企om10 individuals and the titer of BmCysPD was 

determined. The e町orbars indicate the standard deviation of the mean viral titer. 

The asterisk (勺 indicatesa significant difference (p<O.Ol) between the mean viral titer 

in non-starved and starved larvae. 
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Fig. 2. The effect of the timing of the starvation period on the replication of 

BmNPV in 5th instar B. mori. The larvae were inoculated by infection with BmNPV 

BV s and then placed immediately on企eshdiet (口)or were starved for a 24 h-long 

period at 0 (図)， 1 (図)or 2 (図)days p.i.， and then placed on企eshdiet. At 3 or 4 days 

p.i.， hemolymph was collected from 10 individuals and the titer of BmNPV was 

determined. The error bars indicate the standard deviation of the mean viral titer. 

The asterisk (勺indicatesa significant difference (p < 0.01) between the mean viral titer 

in non-starved and starved larvae. 
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Fig. 3. SDS-(12%) PAGE (A) and western blot (B) analyses of hemolymph 

proteins from BmNPV-infected 5th instar B. mori. The larvae were starved for a 0 h-

(lanes 1 and 3) or 24 h-(lanes 2 and 4) long period immediately following inoculation， 

and then placed on fresh diet. The hemolymph was collected at 3 (lanes 1 and 2) or 4 

(lanes 3 and 4) days p.i. from 10 individuals for each treatment group and pooled. The 

a汀owindicates the migration ofBmNPV-expressed polyhedrin. The sizes (in kDa) of 

molecular weight standards (lane M) are indicated to the left. Purified polyhedrin 

protein (lane P) was also used as a size marker and positive control for the western blot 

analysis. 
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Fig. 4. Histochemical analysis of the progression of baculovirus infection in 5
th 

instar B. morI. The larvae were inoculated with BmCysPD and then starved for a 0 h-

(A， C， E， and 0) or 24 h-(B， D， F， and H) long period immediately following 

inoculation， and then placed on fresh diet. The progression of BmCysPD infection at 3 

(A and B) or 4 (C and D) days p.i. in fat body tissues， and at 3 days p.i. in silk glands (E 

and F)， and Malpighian tubules (0 and H) was visualized by X-gal staining. The 

images are representative of tissues from 20 individuals (i.e.， 10 individuals per 

treatment) that were stained with X-gal. 
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Fig. 5. The effect of the length (A) and timing (B) of the starvation period on 

the mass of 5th instar B. mori th剖 areinfected with BmNPV. (A) The larvae were 

starved for 12 h (T) or 24 h (ム)immediately following inoculation with BmNPV， and 

then placed on企eshdiet. Control larvae were immediately placed on fresh diet 

following inoculation with BmNPV (0) or mock infection (・). (B) The larvae were 

inoculated with BmNPV， placed on丘eshdiet， and then starved for a 24 h-long period at 

o (ム)， 1 (口)or 2 (・)days p.i. prior to placing the larvae back onto fresh diet. Non-

starved controllarvae (0) were inoculated with BmNPV and then placed immediately 

on fresh diet. The error bars indicate the standard deviation of the mass of 20 larvae. 
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Summary 

The progression of baculovirus (BmNPV， BmCysPD， AcMNPV or AcAaIT) 

infection in larval Bombyx mori and Heliothis virescens (1 S¥ 3rd or 5th instar) was 

investigated following various starvation regimes. When the larvae were starved for 

12 or 24 h immediately following inoculation， the median lethal time to death (LT50) 

was delayed by 9.5 to 19.2 h in comparison to non-starved controls. This 

corresponded to a delay of 10 to 23% depending upon the larval stage and virus that 

was used for inoculation. When a 24 h-long starvation period was initiated at 1 or 2 

days post inoculation (p.iよ nostatistically significant difference in LT 50 was found 

indicating that the early stages of infection are more sensitive to the effects of starvation. 

Viral titers in the hemolymph of 5th instar B. mori that were starved for 24 h 

immediately following inoculation were lO-fold lower (p<0.01) than that found in non-

starved control larvae. Histochemical analyses indicated that virus仕ansmlsslonwas 

reduced in 5th instar B. mori that were starved for 24 h immediately following 

inoculation in comparison to non-starved con仕ollarvae. In general， the mass of larvae 

that were starved immediately after inoculation was 30% lower than白atof non-starved 

control insects. These fmdings indicate that starvation of the larval host at the time of 

baculovirus expos町 ehas a negative effect on the rate baculovirus仕組smissionand 

pathogenesis. 

26 



Chapter 2. Ecdysteroid stimulates virus transmission in larvae infected with 

Bombyx mori nucelopolyhedrovirus 

The virus-encoded enzyme (ecdysteroid UDP-glucosyltransferase (EGT))， which 

catalyzes the conjugation of a sugar molecule to the insect molting hormone ecdysteroid， 

is thought to be involved in this block since sugar-conjugated ecdysteroid is 

functionally inactive. Following the initial identification of the egt gene in the 

baculovirus Autogrα!]Jha californicαnucleopolyhedrovirus (AcMNPV) (O'Reilly and 

Mi11er， 1989)， an egt gene homologue was identified in most of the other baculoviruses 

(Clarke et al.， 1996). 

When larvae are infected with a mutant AcMNPV， which lacks a functional egt 

gene， these larvae stop feeding and prepare to molt or pupate (O'Reilly and Mi11er， 

1989). O'Reilly et al. (O'Reilly and Mi11er， 1991; O'Rei11y et al.， 1998) speculated 

that the egt gene product of the wild-type AcMNPV prolongs feeding， resulting in an 

enlarged larva which yields greater numbers of progeny virions. It was also been 

shown that larvae infected with an egt deletion mutant are ki11ed faster than larvae 

infected wi血 wild-typevirus (O'Reilly and Mi11er， 1991; Park et al.， 1996). 1 

previously reported that Bombyx mori larvae injected with BmEGTZ， a B. mori NPV 

(BmNPV) deletion mutant of egt， also die faster (by about 12 h) than larvae infected 

with wild-type AcMNPV (Kang et al， 1998). Flipsen etα1. (1995) showed 

histochemically that an AcMNPV egt deletion mutant induces the degeneration of 

Malpighian tubules in Spodoptera exigωlarva. Furthermore， since this phenomenon 

is not observed in wild-type AcMNPV infected larvae， they suggested that the 

Malpighian tubule degeneration is involved in the rapid killing. However， the 

mechanistic basis for this reduced time to death is still unclear. The aim of this chapter 
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is: (1) Elucidate the physiological basis for the reduced time to death of BmEGTZ-

infected larvae， compared to BmNPV-infected larvae. (2) Examine the role， if any， of 

ecdysteroid in this process. In order to accomplish this， the profile of hemolymph 

proteins， and progression of virus infection， were examined by SDS-PAGE and 

histochemical analyses of newly molted fifth instar B. mori larvae; which were virus-

infected， or virus infected and subsequently ecdysteroid treated. 

Materials and Methods 

Cells， viruses，αnd silkworms 

The B. mori-derived BmN cellline was maintained in Grace's medium (Gibco 

BRL， New York， USA) supplemented with 0.26% t巧rptosebroth and 10% fetal bovine 

serum. The wild-type BmNPV T3 isolate (Maeda et al.， 1985)， as well as the BmNPV 

deletion mutant BmCysPD (Ohkawa et al.， 1994) (lacking the endogenous cysteine 

protease gene and BmEGTZ in which the endogenous egt gene was disrupted by 

insertion of a lacZ gene cassette (Maeda et al.， unpublished))， were propagated and 

titrated on BmN cells， as described previously (Maeda， 1989; Koh etα1.， 1998). 

Silkworm， B. mori，. larvae were reared on an artificial diet at 270C， as described 

previously (Choudary et al.， 1995). 

Virus infection of larvae 

Female larvae on the third day， after the third or fourth larval ecdysis， were 

hemocoelically i吋ectedwith 1 x 105 plaque forming units (PFU) of each virus 

(BrnEGTZ， BmNPV or BmCysPD) in 20μ1 of tissue culture medium. Control insects 

were injected with 20μ1 of tissue culture medium. 
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SDS-polyαcrylamide gel electrophoresis (SDS-PAGE) 

At 12， 24， 36， 48， 60， 72， 84， 96， 108 or 120 h postinfection (p.iよ aproleg of 

treated larva was pierced with a sterilized pin and the hemolymph was collected into a 

chilled microfuge tube containing a few crystals of phenylthiourea in order to prevent 

melanization， as described previously (Choudary et al.， 1995). Hemolymph proteins 

were analyzed by vertical gel electrophoresis (12% acrylamide gels) in the presence of 

SDS， as described by Laemmli (1970). All ofthe samples were boiled for 5 min in the 

presence of 2% SDS， 6.25 mM  Tris-HCl pH 6.7， 15% glycerol and 100 mM  

dithiothreitol before loading them onto the gel. Following electrophoretic separation， 

the proteins were stained with Coomassie brilliant blue R-250 (Bio-Rad， Richmond， 

USA). 

Prepar，αtion and e;χα~minαtion ofla;刊 aefor1αcZe;χ;pression 

Larvae were prepared for X-Gal (5-bromo-4-chloro-3-indolyl-s-

galactopyranoside) staining by securing them individually onto styrofoam blocks with 

insect pins through the head capsule and terminal abdominal segment. Using scissors， 

a longitudinal incision was made through the dorsal cuticle. The cuticle was spread 

out to expose the intemal tissues using fo町 additionalinsect pins and the dissected 

larvae were covered with dissecting buffer (PBS: 0.5 M phosphate， 0.5 M NaCl， pH 6.0) 

for 3 min. The dissecting buffer was then removed and the tissues immediately 

infused with fixative (4% paraformaldehyde in PBS) for 20 min. Following fixation， 

the larvae were washed twice with PBS and infused with staining solutions [5 mM  

KtFe(CN)6， 5 mM  K3Fe(CN)6， 2 mM  MgCh in distilled H20] containing 2 mglml X-
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Gal for 6-12 hr in total darkness， as described previously (Engelhard et al.， 1994). The 

stained larvae were observed under a dissecting microscope at 10-40x. 

Ecdysteroid treαtment 

Female larvae (newly emerged fifth instar) were first injected with 1 x 105 PFU 

of each virus (BmEGTZ， BmNPV T3 or BmCysPD)， as described above. At 24 h post 

virus injection， the larvae were reinjected with 10μ1 of a solution containing either 50 

ng or 100 ng [200-or 100-fold dilution of 1 mg/ml ecdysteroid (Sigma， St. Louis， USA) 

in 5% methanol] of ecdysteroid. At 72， 96 or 120 h post ecdysteroid treatment， the 

larval tissues were subjected to X-Gal， staining as described above， or the hemolymph 

proteins were collected and subjected to SDS-PAGE， as described above. 

Results and Discussion 

Comparison of the hemolymph prote的pl'ψlesbetween BmEGTZ-and BmNPV 

T3-iψcted larvae 

In order to establish a biochemical basis for the accelerated death of BmEGTZ-

infected B. mori， the hemolymph protein profiles (between BmEGTZ-and BmNPV-

infected larvae) were comp訂edby SDS司PAGE. At 48 h p.i. and earlier， the 

differences in the hemolymph protein profiles of larvae (i吋ectedwith either BmEGTZ 

or BmNPV on the second day after the third larval ecdysis) were not observed (data not 

shown). Thereafter， temporal differences were found in the profiles; virus-expressed 

or virus-induced proteins were found at least 12h earlier in BmEGTZ-infected larvae 

(Fig. 6A). For example， virus-specific proteins of 16， 31， 40， and 50 kDa were 

detected at 60 h p.i. in BmEGTZ-infected larvae; whereas， these proteins were 
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undetected in BmNPV-infected larvae until 72 h p.i. or later. The expression of 

polyhedron (a major， very late， virus structural protein of31 kDa) in BmEGTZ-infected 

larvae at 84 h p.i.， however， was not as high compared to that in BmNPV-infected 

larvae at 96 h p.i. A similar pattem ofthe accelerated appearance (by at least a 12 h) 

of virus-expressed， or virus-induced proteins， was found in the hemolymph of larvae 

injected with BmEGTZ on the third day， after the fourth larval ecdysis when compared 

to BmNPV-infected larvae (Fig. 1B). 

Histochemicalαnαlysis of virus trα:nsmission following BmEGTZ or BmCysPD 

infection 

Virus仕ansmissionin BmEGTZ-or BmCysPD-infected larvae was compared at 

2， 3， 4 or 5 days p.i. by histochemical detection (with X-Gal) of beta-galactosidase 

expression. In these experiments， a control virus (BmCysPD) was used， which carries 

as a lacZ gene casse抗eidentical to that of BmEGTZ at the cysteine protease gene locus. 

BmCysPD has indistinguishable growth characteristics compared to BmNPV (Ohkawa 

th et al.， 1994). Following the i吋ectionof B. mori larvae (5'H instar， day 3) with either 

BmEGTZ or BmCysPD， beta-glucosidase expression was clearly detected in the fat 

body and tracheal tissue of BmEGTZ-infected larvae at 2 days p.i. (Fig. 7B)， but only 

barely detectable in BmCysPD-infected larvae (Fig. 7 A). At 3 days p.i.， the staining of 

fat body and仕achealtissues in BmEGTZ・infectedlarvae intensified; staining was also 

detected in other tissues including midgut， silk:gland， Malphigian tubules， nervous 

system， and gonads (Fig. 7D). The staining intensity of BmCysPD-infected larvae 

(Fig. 7C) was similar to that found in BmEGTZ-infected larvae at 2 days p.i. At 4 

days p.i.， similar differences were found in the staining intensities between BmEGTZ-
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and BmCysPD-infected larvae (Fig. 7F and E). At 5 days p.i. all of the BmEGTZ-

infected larvae had died and were not subject to histochemical analysis. In contrast， all 

of the BmCysPD-infected larvae were still alive and showed a staining intensify that 

was similar to BmEGTZ-infected larvae at 4 days p.i. (Fig. 7G). 

Effect of ecdysteroid treαtment on hemolymph proteins 

In order to examine how ecdysteroid affected the profile of proteins in the 

hemolymph of virus-infected B. mori， BmEGTZ-or BmNPV-infected 5th instar larva 

were individual at 24 h post virus injection with a solution containing 0， 50， or 100 ng 

of ecdysteroid. Fifth instar larvae were used because at this larval stage endogenous 

ecdysteroid exists only in仕aceamounts (Kiaguchi， 1983). The hemolymph proteins 

were collected at 96 h post virus infection and analyzed by SDS-PAGE (Fig. 8A). In 

mock-infected larvae， ecdysteroid仕eatmenthad no apparent effect in the profile of 

hemolymph proteins. This suggests that ecdysteroid itself does not affect the 

expression of hemolymph proteins. Ecdysteroid treatment also had no apparent effect 

on hemolymph protein expression in BmNPV-infected larvae. This suggests that the 

injected ecdysteroid was inactivated by the BmNPV-expressed ecdysteroid仕eatment

appeared to accelerate virus-specific protein synthesis in BmEGTZ-infected larvae. 

For example， polyhedron was detected in ecdysteroid treated larvae， but not in the non-

ecdysteroid treated BmEGTZ-infected larvae at 96 h p.i. This level of polyhedron 

expression was not detected in the non-ecdysteroid treated BmEGTZ-infected larvae 

until 120 h p.i. (Fig. 8B). Furthermore， this effect may be concentration dependent 

since the expression of polyhedron appeared to be greater following ecdysteroid 

treatment at 100 ngllarva， when compared to treatment 50 ng/larva. 
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Histochemical anα:lysis of the effect of ecdysteroid on vir山 transmission

Ecdysteroid was injected into larvae at 24 h post BmEGTZ infection on the day 

of the fourth larval ecdysis. At 3 days p.i.， tracheal and fat body tissues from 

ecdysteroid treated larvae (Fig. 9B and C)， showed slightly stronger X-Gal-staining 

compared to non-ecdysteroid-treated larvae (Fig. 9A). Staining was also slightly more 

intense in larvae i吋ectedwith a high dose (100 ng/larvae) of ecdysteroid， in comparison 

to those injected with a low dose (50 ng/larvae). At 4 days p.i.， the staining intensity 

increased for all treatments， but was slightly more intense in the larvae treated with 100 

ng of ecdysteroid (Fig. 9F)， compared to the other treatment (Fig. 9D and E). These 

histochemical observations coincided with the SDS-PAGE analysis of the hemolymph 

proteins (Fig. 8). Furthermore， these findings indicated that virus transmission is 

affected by not only ecdysteroid， but by its concentration. 

Larvae infected with a baculovirus carrying an inactivated egt gene succumb to 

viral infection quicker than larvae infected with a wild-type virus carrying an active egt 

gene (O'Reilly & Miller， 1991; Park etα1.， 1996; Kang etα1.， 1998). In this s同dy，1 

found that in B. mori larvae the expression of virus-encoded， or virus-induced proteins， 

is accelerated following infection with a mutant BmNPV， in which the endogenous egt 

gene is inactivated. Furthermore， this accelerated protein expression apparently causes 

the accelerated transmission of the virus. This results in the early death of BmEGTZ-

infected larvae， in comparison to BmNPV-infected larvae. Keeley and Vinson (1975) 

reported that the injection of 20-hydroxyecdysone into baculovirus-infected Heliothis 

virescens results in a delay in the onset ofvirus-induced pathology， as well as a decrease 

in the mortality of the infected insects. Similarly， by overexpressing 
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prothoracicotropic hormone (PTTH) in baculovirus-infected larvae，。ラReillyetα1.， 

(1995) suggested that ecdysteroid has a direct inhibitory effect on viral replication. 

The data， however， showed that following ecdysteroid treatment there is acceleration in 

virus-specific protein s戸lthesis，as well as virus transmission. This suggests that 

ecdysteroid plays a direct role in enhancing virus replication. 
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Fig. 6. SDS-PAGE analysis of hemolymph proteins from B. mori larvae that 

were mock-(M)， wild-type BmNPV-(T) or BmEGTZ-infected (E) on the second day 

of the third ecdysis (A)， or the third day of the fourth larval ecdysis (B). The 

hemolymph was collected at 48， 60， 72， 84， 96， or 120 h p.i. The arrowhead indicates 

the migration of polyhedrin. Protein molecular masses in kilo Daltons are shown at 

the left. 
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Fig. 7. Histochemical analysis of the progression of virus infection as determined 

by LacZ expression (blue staining) in B. mori larvae infected with control BmCysPD (A， 

C， E and G) or BmEGTZ (B， D and F) on the third day of the fourth larval ecdysis. 

Larvae were stained at 2 (A and B)， 3 (C and D)， 4 (E and F) or 5 (G) days p.i. 
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Fig. 8. SDS-PAGE analysis ofhemolymph proteins at 96 h p.i. (A) or 120 h p.i. 

(B) from B. mori larvae that were mock-(M)， wild-type BmNPV -(T3) or BmEGTZ-

infected (EGT) on the day of the fourth larval ecdysis. At 24 h post virus or mock 

infection， individual larva was injected with zero， 50 or 100 ng of ecdysteroid as 

indicated. The arrowhead indicates the migration of polyhedrin. Protein molecular 

masses in kilo Daltons are shown at the left. 
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Fig. 9. Histochemical analysis of the progression of virus infection as 

determined by LacZ expression (blue staining) in B. mori larvae infected with BmEGTZ 

on the day of the fourth larval ecdysis and treated with zero (A and D)， 50 (B and E) or 

100 ng (C and F) of ecdysteroid per larva at 24 h p.i. The larvae were dissected瓜 3(A， 

B， and C) or 4 (D， EラandF) days p.i. 
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Summary 

Most baculoviruses have an ecdysteroid UDP-glucosyltransferase (egt) gene， 

whose product inactivates ecdysteroid within the infected host. Bombyx mori larvae 

infected with BmEGTZ， a mutant B. mori nucleopolyhedrovirus (BmNPV) in which the 

egt gene has been inactivated， die more rapidly compared to larvae infected with wild-

type BmNPV. In this s加dy，由eprofile of hemolymph proteins， and progression of 

virus infection in BmEGTZ-and BmNPV-infected B. mori larvae， was analyzed by 

SDS-PAGE and histochemically. These analyses showed that virus-encoded and 

virus-induced proteins were expressed quicker in BmEGTZ四infectedlarvae than in 

BmNPV-infected larvae. This suggests that the decrease in time to death， following 

BmEGTZ infection， results企omthe stimulation of virus-specific protein expression. In 

order to examine the effect of ecdysteroid on virus transmission， the profile of 

hemolymph proteins， and progression of virus infection， were analyzed following an 

ecdysteroid injection of BmEGTZ-or BmNPV -infected larvae. In the BmNPV-

infected larvae， ecdysteroid treatment had no apparent effect on hemolymph protein 

expresslOn. 百lIssuggests that血einjected ecdysteroid was inactivated by the 

BmNPV-expressed ecdysteroid UDP-glucosyltransferase. An ecdysteroid injection 

into BmEGTZ-infected larvae increased the speed of virus-specific protein expression 

and virus transmission. These results suggest that ecdysteroid stimulates protein 

expression， which inωm results in the stimulation of virus transmission. 
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Chapter 3. Comparative analysis ofα-glucosidase activity in Bombyx mori 

and Antheraea yamαmai. 

The mulberry silkworm Bombyx mori (Lepidoptera， Bombycidae) feeds 

exclusively on the leaves of the mulberry bush (Morus albα) or artificial diet containing 

mulberry leaf extract. B. mori has been domesticated for use in sericulture over a 

period ofthousands ofyears. On the other hand， the Japanese oak silkmoth Antheraea 

yamamai (Lepidoptera， Satumiidae) feeds upon a wider range of diets including leaves 

of the deciduous oak tree and chestnut tree. A. yαmαmαi is widespread in Korea and 

Japan. The composition and enzymatic activities of proteins in the hemolymph and 

midgut of B. mori are well characterized， whereas those of A. yamamai are significantly 

less well characterized. 

In many insect species， iminosugars have been identified戸 thatinhibit various 

insect disaccharidases (Asano et al. 2001; Hirayama et al. 2007). Sucrase and 

trehalase of B. mori are， however， highly insensitive to the inhibitory effects of 

iminosugars in mulberry leaf (Hirayama et al. 2007). 

In this chapter，α-glucosidase activity in the hemolymph and midgut tissues of B. 

mori and A. ylαmamαi were characterized in terms of substrate preference， temperature 

and pH dependence， and sensitivity to the α-glucosidase inhibitors DNJ， acarbose， and 

voglibose. 

Materials and Methods 

Insect rearing and protein preparation 

Eggs of the silkworm B. mori and fifth instars of A. yamamai were obtained企om

the National Academy of Agricultural Science (Korea). Larvae of B. mori were reared 
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on an artificial diet and larvae of A. yamamai were reared on oak leaves at 250C as 

described previously (Kang et al. 2000). Hemolymph was collected by piercing a 

larval proleg with a sterile pin and allowing the hemolymph to drip into a chilled 

microfuge tube containing a few crystals of phenylthiourea as described previously 

(Choudary et al. 1995). Midgut tissues were collected from larvae that were chilled on 

ice for 15 min. A longitudinal incision was made and the midgut was gently removed 

from the larvae， rinsed in phosphate buffered saline (2 mM  NaH2P04， 2 mM Na2HP04， 

137 mM  NaCl， 2.7 mM KCl， pH 7.4)， and homogenized using a hand-held glass 

homogenizer on ice. The midgut homogenates as well as hemolymph were 

centrifuged at 11，000 x g for 5 min at 40C and the supematant丘omthese preparations 

was divided into small aliquots and stored at -80oC. Protein concentration was 

determined by the method of Bradford (1976) using bovine serum albumin (Sigma， 

USA) as a standard. 

α:...Glucosiaαseαctivity 

The ability of the hemolymph and midgut preparations to hydrolyze maltose， 

sucrose， and treha10se (Sigma， USA) were determined in a 200μL reaction containing 

0.285 to 185μg ofprotein and 30 mM of each substrate in potassium phosphate buffer， 

pH 6.8. The enz戸nesolution was preincubated at 370C for 5 min prior to the addition 

of substrate， then for 20 min at 370C. The concentration of glucose following the 

hydrolysis of maltose， sucrose or trehalose was determined using a G1ucose-E kit 

(Wako， Japan) following the manufacturer's protocol (incubation at 370C for 18 min 

and measuring absorbance at 505 nm using a spec仕ophotometer(Mo1ecular device， 

USA)). p-Nitropheny1αーD-g1ucopyranoside(PNPG; Sigma， USA) was a1so used as a 
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general substrate for α-glucosidase activity. This assay was performed as above 

except that the reaction mixture (150μL) contained 4 mM PNPG and was incubated at 

370C for 30 min. After incubation， the PNPG reaction was terminated by the addition 

of50μL of234 mM  Na2C03 and absorbance was measured at 405 nm. 

Dependence ofα._glucosid，αseαctivity on pHαnd temper.αture 

The effect of pH onα-glucosidase activity of midgut extracts was determined 

using 0.1 M citrate buffer (pH 3， 4， 5， and 6)， 0.1 M sodium phosphate buffer (pH 7 and 

8)， and 0.1 M glycine-NaOH buffer (pH 9 and 10). The assays were performed as 

described above at 370C. 

The effect of tempera旬reonα-glucosidase activity of midgut extracts was 

determined at pH 6.8 in the standard assay described above at various tempera印res

企om25 to 700C at 50C intervals. 

Electrophoresis and staining 

Native PAGE was routinely carried out using 7.5% polyacrylamide gels as 

described by Davis (1964). To visualize 仙 glucosidaseactivity， the gel was incubated 

in a solution containing 1.5 mM  4-methylumbellifyl a-D-glucopyranoside (MUG; 

Sigma， USA) in 0.1 M potassium phosphate buffer， pH 6.8. 

Inhibition ofα;..glucosid，αseαctivity by DNJ， αcarbose， or voglibose 

1-Deoxynojirimycin (DNJ; Biotopia， Korea)， acarbose (Bayer Korea， Korea)， 

and voglibose (CJ， Korea) are inhibitors of α-glucosidase (Kuhlmann and Plus 1996). 

The ability of these compounds to i抽出itα-glucosidaseactivity in midgut ex仕acts企om
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B. mori or A. yamamai was determined using maltose， sucrose， and trehalose as 

substrates in a standard assay as described above. Each inhibitor (dissolved in water) 

was preincubated with the protein at 370C for 5 min prior to the addition of the substrate. 

The concentration of compound that resulted in 50% inhibition (IC5o) was determined 

using a range of inhibitor concentrations (0.001 to 1000μ~) that bracketed the 

predicted IC50・ IC50values were calculated using regression analysis (SigmaPlot， 

SPSS Scientific， USA). 

Results and Discussion 

Comparison ofα-glucosid，αse activity in hemolymphαnd midgut preparations 

j子omB. mori and A. yamamai 

α-Glucosidase activity in the hemolymph and midgut of B. mori and A. yamamαi 

was determined using maltose， sucrose， trehalose， and PNPG as substrates. PNPG was 

a dramatically better substrate with both hemolymph and midgut preparations from both 

species (Tables 3 and 4). Dramatically higher a-glucosidase activity was found in the 

midgut preparations of both species for all of the substrates tested (Table 4). In 

general， the midgut preparation from A. yamamai showed higher α-glucosidase activity 

than that of B. mori. Maltose， sucrose， and trehalose are potential authentic α四

glucosidase substrates that are found in the diets ofboth species. 1 hypothesize that the 

higher a-glucosidase activity in the midgut relative to that found in the hemolymph is 

necessary for the metabolism of carbohydrates found in the diet. 

Dependence ofα-glucosidase activity in midgut preparations jトomB. mori αndA. 

yamamai on pHαnd temperature 
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The effect of pH on the α-glucosidase activity of midgut preparations from B. 

mori and A. yamamai was determined using maltose， sucrose， trehalose， and PNPG as 

substrates. In general the highest a-glucosidase activity was found at pH 6 and higher 

for all of the substrates tested (Fig. 10). A dramatic reduction in α-glucosidase activity 

was generally found with both midgut preparations at pH 6 and below. The midgut 

preparations from both B. mori and A. yamamai showed similar sensitivity to changes in 

pH with maltose (Fig. 10A)， sucrose (Fig. 10B)， and PNPG (Fig. 10D) as substrates. 

In contrast， the midgut preparation from B. mori showed relatively higher sensitivity to 

changes in pH in comparison to the midgut preparation from A. yamamai when 

trehalose was used as a substrate (Fig. 10C).α-Glucosidase activity from the midgut 

preparations of both B. mori and A. yamamαi increased with increasing tempera旬reup 

to 500C when maltose (Fig. l1A) was used as a substrate and up to 700C when sucrose 

(Fig. l1B) was used as a substrate. 

Anα~lysis ofα-glucosid，αse in hemolymph and midgut preparωions from B. mori 

αndA.yαmαmαi bynαtive PAGE 

Following native PAGE separation of proteins in the hemolymph and midgut of 

B. mori and A. yamαmai， the gel was stained with MUG， a fluorescent a-glucosidase 

substrate.α-Glucosidase activity was not detected in preparations 企omthe 

hemolymph of B. mori and A. yamamai using MUG (Fig. 12). This was consistent 

with the undetectable or very low a-glucosidase activity that was found in the 

hemolymph of B. mori and A. yαmamαi by the enzymatic assays using maltose， sucrose， 

and trehalose as substrates. In contrast， l¥瓜JGstaining was found in the midgut 

preparations from both species (Fig. 12). The staining was found at different locations 
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on the gel indicating that the midgut α-glucosidase activity originated from different 

protems. 

lnhibition ofα-glucosidase in the midgut prepαrations ji-om B. mori and A. 

yαmαmα1 

The ability of DNJ， acarbose， and voglibose to inhibitα-glucosidase activity in 

midgut preparations from B. mori and A. yamamai were determined using maltose， 

sucrose， and trehalose as substrates (Table 5). DNJ is an antiviral and antidiabetic 

compound that is found in mulberry leaf (Asano et al. 2001; Jacob et al. 2007). 

Acarbose and voglibose are pharmaceuticals for treating diabetes. These drugs 

function by reducing the metabolism of complex carbohydrates into glucose and other 

monosaccharides by a-glucosidase following a meal (Kuhlmann and Plus 1996). The 

reduced availability of glucose results in a corresponding reduction in the transfer of 

glucose into the blood s仕eam. With midgut preparations from B. mori， DNJ showed 

ICsos of 490 and 59μM when maltose and trehalose， respectively， were used as 

substrates. In contrast， no DNJ inhibitory activity was detected when sucrose was used 

as a substrate. DNJ showed significantly higher potency against midgut preparations 

企omA. yαmαmαi， i.e.， DNJ showed ICsos of 20， 8.8， and 7.7μM when maltose， 

仕ehalose，and sucrose， respectively， were used as substrates. DNJ has also been 

shown to be highly potent againstα-glucosidases from other insects (Scofi1ed etα1.， 

1995). Acarbose showed low nanomolar potency against midgut preparations企om

both B. mori and A. yamamai when maltose was used as a substrate (Table 5). 

Acarbose also showed very high potency against the midgut preparation of A. yamamai 

when sucrose was used as a substrate. In contrast， acarbose showed dramatically 
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lower potency against the midgut preparation from B. mori when sucrose was used as a 

substrate. Acarbose was not able to inhibit trehalose hydrolysis with midgut 

preparations from either B. mori or A. yαmαmai. Voglibose showed an ICso of 19μM 

against the midgut preparation of B. mori when maltose was used as a substrate， but 

showed no inhibitory activity when sucrose and trehalose were used as substrates (Table 

5). With the midgut prepar剖ionfrom A. yamamαi， voglibose showed ICsos of 8.7 and 

8.6μM when maltose and sucrose， respectively， were used as substrates. Voglibose 

showed no inhibition of trehalose hydrolysis with midgut preparations from A. yamamαi. 

In general， these results indicated that the α-glucosidases in B. mori are less sensitive to 

inhibition by the generalα-glucosidase inhibitors DNJ， acarbose， and voglibose. 

B. mori is monophagous species that feeds exclusively on mulberry leaf or 

artificial diet containing mulberry leaf extract. Asano et al. (2001) have identified 

eighteen alkaloids from mulberry leaf， root bark， and fruit of which DNJ is present at 

the highest concentration. Interestingly， Asano et al. (2001)， also showed thatα-

glucosidase activity of B. mori is much less sensitive to inhibition by DNJ in mulberry 

leaf in comparison to digestive enz戸nesfrom mammals. In contrast to B. mori， the Eri 

silkworm Samia cynthia ricini is a polyphagous species. Hirayama et al. (2007) have 

compared the inhibitory activity of DNJ against sucrase and trehalase of S. cynthia and 

B. mori， and found that sucrase and trehalase from the midgut of B. mori are less 

sensitive to DNJ in comparison to those of S. cynthia. Similarly， in the present s同dy，I

found that a-glucosidase activity in the midgut of B. mori (in comparison to that of A. 

yamamai) is relatively insensitive to inhibition by DNJ， acarbose， and voglibose. 

These results suggest that monophagy has resulted in a-glucosidases in B. mori that are 

poorly inhibited by DNJ， a highly abundant alkaloid in mulberry leaf. 
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Table 3.α-Glucosidase activity in the hemolymph of B. mori and A. yamamαi 

Substrate 

Maltose 

Sucrose 

Trehalose 

PNPG 

aND: Not Detected 

Activity (nmole/minlmg protein) 

B. mori A.yαmαmαi 

1.7 NDa 

32 ND 

1.4 1.4 

6.900 2，500 
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Table 4.α-Glucosidase activity in the mid思1tof B. l110ri and A. yαmαl11ai 

Substrate 

Maltose 

Sucrose 

Trehalose 

PNPG 

Activity (nmole/min/mg protein) 

B. l110ri 

160 

1，000 

82 

220，000 

48 

A.yαmαmαi 

760 

1，500 

110 

5，600，000 



Table 5. Concentration ofα-glucosidase inhibitors giving 50% inhibition of glucosidase 

activities in the midgut of B. mori and A. yamαmai 

ICso (μM) 

Enzyme source Substrate 

DNJ acarbose voglibose 

maltose 490 0.027 19 

B. mori 
Nla 190 NI sucrose 

trehalose 59 NI NI 

maltose 20 0.009 8.7 

A.yαmαmαi 
sucrose 8.8 0.007 8.6 

trehalose 7.7 NI NI 

aNI: No Inhibition (less than 50% inhibition at 1000μM) 
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Fig. 10. The effect of pH upon the relative activity of α-glucosidase企omthe 

midgut of B. mori (・)and A. yαmαmai (0). Relative activity of 100% refers to the 

highest activity obtained for each enz戸neusing maltose (A)， sucrose (B)， trehalose (C)， 

or p-nitrophenylαーD-glucopyranoside(D) as a substrate. 
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Fig. 11. The effect of tempera旬reupon the relative activity of a-glucosidase 

企omthe midgut of B. mori (・)and A. yamamαi (0). Relative activity of 100% refers 

to the highest activity obtained for each enzyme using maltose (A) or sucrose (B) as a 

substrate. 
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B. mori A. yamamai 

H M H M 

Fig. 12. In gelα-glucosidase activity staining. Hemolymph (lanes H) or 

midgut (lanes M) proteins from B. mori and A. yamαmai were separated by 7.5% native 

PAGE and stained with 4-methylumbeliferylα-D-glucoside. 
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Summary 

α-Glucosidase (EC 3.2.1.20) is a glycosidase that hydrolyzes disaccharides， 

oligosaccharides， and polysaccharides resulting in the release of α-D-glucose. In this 

study，α-glucosidase activity in the hemolymph and midgut of the mulberry silkworm 

Bombyx mori and Japanese oak silkmoth Antheraea yαmαmai was measured using 

maltose， sucrose， trehalose， and p-nitrophenylα-D-glucopyranoside as substrates. In 

general， hemolymphα-glucosidase activity was higher in B. mori than in A. yαmαmαi. 

In contrast， midgut α-glucosidase activity was higher in A. yamamai than in B. mori for 

all of the substrates tested.α-Glucosidase activity in the midgut ofboth B. mori and A. 

yamamai showed similar responses to changes in pH and tempera旬refor all of the 

substrates tested. Native (7.5%) PAGE of hemolymph and midgut proteins from B. 

mori and A. yαmαmαi followed by staining with 4-methylumbelliferylαーD-glucoside

(1瓜JG)indicated that the α-glucosidases of these related lepidopterans are functionally 

similar but structurally different. In comparison toα-glucosidase activity企omA. 

yamamai，α-glucosidase activity企omB. mori was generally less sensitive to the α-

glucosidase inhibitors， l-deoxynojirimycin (DNJ)， acarbose， and voglibose when the 

activity was determined using maltose， sucrose， and trehalose. 
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Chapter 4. Effect of l-deoxynojirimycin on the replication of baculoviruses， 

Bombyx mori nucleopolyhedrovirus and Autographa californica multiple 

nucleopolyhedrovirus 

Glycosylation is an essential process in eukaryotic cells that attaches glycans to 

proteins and other biomolecules. In many proteins， appropriate glycosylation is 

essential for proper folding， authentic biological activity， and/or for normal protein 

stability. The most common types of glycoproteins are N-linked (glycans attached to a 

nitrogen of asparagine or arginine) and O-linked (glycans attached to the hydroxyl 

oxygen of serine， threonine， tyrosine， hydroxylysine or hydroxyproline).α-

Glucosidase and mannosidase are the key enz戸nesinvolved in the N-linked 

glycosylation pathway (Francis et al. 2002). The first step of N-linked glycosylation 

generally involves the transfer of Glc3Man9GlcNAcz (a 14-sugar precursor formed by 3 

glucose， 9 mannose， and 2 N-acetylglucosamine molecules) to a nascent protein in the 

endoplasmic reticulum (ER). Subsequently， the attached Glc3Man9GlcNAcz is 

processed by glycosidases such asα-glucosidase 1，α-glucosidase II，α-mannosidase 1， 

α-mannosidase II， and glycosyltransferases such as acetylglucosaminyltransferase 1 

(Ren et al. 1997). The initial steps in the processing of complex oligosaccharides 

occur in the ER lumen and involve the removal of the terminal glucose of 

GlczMan9GlcNAcz by α-glucosidase 1. Subsequently，α-glucosidase II removes the 

next two glucose residues and α-mannosidase 1 removes one mannose residue. The 

resulting glycoprotein precursor (Man8GlcNAcz-protein) moves to the Golgi complex 

where three more mannose residues are removed byα-mannosidase 1 found within the 

Golgi. N-acetylglucosamine is then attached by N四acetylglucosaminyltransferase1 and 
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subsequently the terminal mannose residues are removed by α-mannosidase II. The 

product， GlcNAc2Man3GlcNAcrprotein can be further processed by various enz戸nes

to generate more complex oligosaccharide struc印res.

l-Deoxynojirimycin (DNJ) is a natural1y occurring alkaloid that inhibits 

glycosidases such asα-glucosidase' 1 and α-glucosidase II that are involved in the early 

processing steps of Glc3Man9GlcNAc2 (Moremen et al. 1994). Relatively high 

concentrations of DNJ are found in the leaves of mulberry trees and in silkworm， 

Bombyx mori (Asano et al. 2001)， a caterpil1ar th剖 feedsexclusively on mulberry. 

DNJ can also be purified from the culture medium of microorganisms including some 

species of Bαcillus and Streptomyces (Kim et al. 2011). Since glycoproteins play 

important roles in the attachment of enveloped viruses to host cells DNJ may also be 

involved in altering viral surface glycoproteins so that recognition by receptor(s) on the 

host cell surface is altered. 

A virus-encoded glycoprotein called GP64 is the major glycoprotein found in the 

envelope ofBVs (Jarvis and Garcia， 1994). GP64 is required for binding ofthe BV to 

a host cell and subsequent fusion of the BV envelope and endosomal membrane during 

the penetration phase ofthe virus infection cycle (Volkman et al. 1984). During a later 

phase of baculovirus infection， the amount of GP64 that is found in the host cell 

membrane is related to the efficiency of BV production and rate of systemic infection in 

insects (Nagai et al. 20日).

In this chapter， the effect of DNJ on the replication of B. mori NPV (BmNPV) 

and Autographa californica multiple NPV (AcMNPV) was investigated. The host of 

BmNPV is the silkworm a specialist that feeds exclusively on mulberry， a plant with 

relatively high levels of DNJ. AcMNPV on the other hand replic剖eson generalist 
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insects that commonly feed on plants with relatively low DNJ levels (Hirayama et al. 

2007). In addition，α-glucosidase activity in B. mori-derived Bm5 and Spodoptera 

frugiperda-derived Sf9 cell extracts were characterized. Bm5 and Sfヲ訂especific 

hosts ofBmNPV and AcMNPV， respectively. 

Materials and Methods 

Chemicαls 

DNJ was purified from Bαcillus subtilis MORI as described previously 

(Hirayama et al. 2007). The α-glucosidase inhibitors acarbose and voglibose were 

purchased from BayerKorea (Korea) and CJ (Korea)， respectively. The α-glucosidase 

subs仕atep-nitrophenyl a-D-glucopyranoside (PNPG) was purchased企omSigma 

(USA). 

Cells and viruses 

Bm5 and Sf9 cells were maintained in TC-100 medium (Welgene， Korea) 

supplemented with 5% and 10% fetal bovine serum， respectively， at 270C. B. subtilis 

MORI was propagated in TSB medium剖 370Cas described previously (Kim et al. 

2011). BmNPV and AcMNPV were propagated on Bm5 and Sf9 cells， respectively. 

Viral titer was determined by the end-point di1ution method as described previously 

(O'Reil1y et al. 1992). 

PrepαrαUon of cell e;χt1'αct 
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Extracts of Bm5 and Sf9 cells were prepared from 1 x 1 07 cells that were pelleted 

by centri白gationat 3，000 x g for 5 min at 40C. Following the centrifugation the cells 

were resuspended in 50 mM sodium phosphate buffer (pH 7) and the cells were 

sonicated on ice for 1 min using a VCX130 ultrasonic processor (Sonics & Materials， 

USA). The extracts were centrifuged at 3，000 x g for 5 min at 40C and then stored at -

200C prior to use. The protein concentration of the cell extract was measured by the 

method ofBradford (1976). 

Virus r己plicαtionαssαy

Bm5 or Sf9 cells were seeded into the wells of a 24 well plate (1 x 105 cells per 

well) and allowed to attach for 2 h. Subsequently， the cells were inoculated with virus 

at a multiplicity of infection (MOI) of 1. Following a 1 h-long viral attachment period， 

the inoculum was removed by aspiration and the cells were cultured in 0.5 mL of fresh 

medium containing 0， 1，2.5，5 or 10 mM  DNJ. After a 4 day-long incubation period at 

270C， the virus titer in the cell culture supematant was determined by the end-point 

dilution method. 

Cell viability assay 

Cell viability was determined using a co10rime仕icXTT assay (Cell Proliferation 

Kit; Biological industries， Israel) following the manufacturer's protocol. Bm5 or Sf9 

cells were seeded into the wells of a 96 well plate (1 x 104 cells per well) and allowed to 

attach for 2 h. Following cell attachment， the old cell culture supematant was replaced 

with 100μL of fresh medium containing 0， 1， 2.5， 5 or 10 mM  DNJ and incubated at 

57 



270C for 48 h. After the 48 h-long incubation， 50μL of activated XTT reagent was 

added to each well of the 96-well plate and incubated at 270C for 4 h. Subsequently， 

the formation of reduced XTT was measured at 450 nm using a microplate reader 

(Molecular devices， USA) as described previously (Wu et al. 2002). 

α'-Glucosiaαseαctivityαssαy 

α-Glucosidase activity in the cell extract was measured using PNPG as a 

substrate in the wells of a 96 well plate. The ability of the cell extract to hydrolyze 

PNPG was determined in a 150μL reaction containing 80μg of cell extract and 4 mM  

PNPG in 100 mM sodium phosphate buffer， pH 7. The reaction mixture was incubated 

for 30 min at 370C and then 50μL of 234 mM  Na2C03 was added to terminate the 

reaction. Absorbance was measured at 405 nm using a microplate reader as described 

previously (Kang et al. 2010). 

The effect of pH onα-glucosidase activity was determined in 100 mM  citrate 

buffer (pH 3， 4， 5， and 6)， 100 mM  sodium phosphate buffer (pH 7 and 8) or 100 mM 

glycine-NaOH buffer (pH 9， 10， 11). The effect of tempera旬reonα-glucosidase 

activity was determined in 100 mM  sodium phosphate buffer， pH 7， at 50C intervals 

from 250C to 70oC. 

lnhibition of α;..glucosid，αseαc抗:vityby DNJ， αcα~rbose， α:nd voglibose 

The abi1ity ofDNJ (0.03 -1000μM)， acarbose (200 -1，000μM)， and voglibose 

(3 -200μM) to inhibit併 glucosidasein Bm5 and Sf9 cell extracts was determined 

using PNPG as a substrate in 100 mM  sodium phosphate buffer， pH 7， as described 
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above. Each inhibitor， dissolved in water， was preincubated with the Bm5 or Sf9 cell 

extract for 5 min at 370C prior to the addition of PNPG. F ollowing the addition of the 

PNPG， the reaction was incubated for 30 min at 370C and then read at 405 nm as 

described above. The median inhibitory concentration (ICso) of each compound was 

determined by regression analysis (SigmaPlot; SPSS Scientific， USA). 

Results 

Effect of DNJ on the replicαtion of BmNPV and AcMNPV 

DNJ is a known inhibitor of a-glucosidase activity as well as the replication of 

various viruses. The ability ofDNJ to inhibit the replication ofBmNPV and AcMNPV 

was determined in Bm5 and Sf9 cells that were grown in medium containing 1 to 10 

mM  DNJ. After 4 days， DNJ showed no significant effect on BmNPV replication in 

Bm5 cells at a concentration as high as 10 mM (Fig. 13). In contrast， AcMNPV 

replication was significantly reduced in the presence of 2.5 mM  or higher 

concentrations of DNJ (in comparison to control Sf9 cells that were not treated with 

DNJ). AcMNPV showed a dose-specific inhibitory response up to 5 mM  DNJ (i.e.， no 

apparent inhibition at 1 mM  DNJ， 40% inhibition at 2.5 mM DNJ， and 60% inhibition at 

5 mM  DNJ). The replication of AcMNPV， at 4 days post inoculation， was inhibited by 

approximately 67% when the host Sf9 cells were grown in medium containing 10 mM  

DNJ. 

Effect of DNJ on the viabi抗ザofBm5α:nd319 cells 

The viability of Bm5 and Sf9 cells was measured by the colorimetric XTT assay. 

DNJ did not show any statistically significant effects on the viability of Bm5 and Sf9 
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cells that were grown for 48 h in medium containing up to 10 mM  DNJ (Fig. 14). The 

results indicated that the viability ofBm5 and Sf9 cells is not affected by DNJ. 

EjJect ofpHαnd temperαture 0ηα-glucosid，αseαctivity from Bm5αnd S19 cell 

extracts 

α-Glucosidase activity in Bm5 and Sf9 cell extracts was measured using PNPG 

as a substrate in 100 mM  sodium phosphate buffer， pH 7. Under this condition α-

glucosidase specific activity in the Sf9 cell extract (3.39μmol/min/mg) was roughly 2-

fold higher than that in the Bm5 cell extract (1.73μmol/min/mg) (Table 6). When the 

effect of pH onα，-glucosidase activity was analyzed， the highest activity in both Bm5 

and Sf9 cell extracts was found at pH 10 (Fig. 15A). In comp訂isonto the Bm5 cell 

extract，α-glucosidase activity in the Sf9 cell extract showed greater sensitivity to 

increases in pH.α-Glucosidase activity in the Bm5 cell ex廿actshowed relatively little 

sensitivity to changes in pH. Surprisingly，α-glucosidase activity in the Bm5 and Sf9 

cell extracts showed s仕ongthermo stability with increased activity up to 600C (Fig. 

15B). 

lnhibition ofα-glucosidαseαctivi旬初 Bm5αndS19 cell e.χtr，αcts by DNJ， 

αcαrbose，αnd voglibose 

The ability of DNJ， acarbose， and voglibose to inhibit α-glucosidase activity in 

Bm5 and Sf9 cell extracts was measured using PNPG as a substrate in 100 mM  sodium 

phosphate buffer， pH 7.α-Glucosidase activity in the Sf9 cell ex仕actwas 40・fold

more sensitive to DNJ than a-glucosidase activity in the Bm5 cell extract (Table 7). 

Similarly，α-glucosidase activity in the Sf9 cell extract was more sensitive to inhibition 
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by voglibose but by only 2-fold in comparison to a-glucosidase activity in the Bm5 cell 

extract (Table 7). Acarbose did not show any detectable inhibitory activity with Bm5 

and Sf9 cell extracts. 
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Table 6.α-Glucosidase activity in extracts from Bm5 and Sf9 cells 

Extract source 

Bm5 

Sf9 

Specific activity Cllmol/min/mg proteint 

1.73 i: 0.42b 

3.39 i: 0.58 

ap-NitrophenylαーD-glucopyranosidewas used as a substrate to measureα-glucosidase 

activity in 100 mM  sodium phosphate buffer， pH 7. 

bValues represent the mean士standarddeviation separate experiments. 

62 



Table 7. Inhibition of a-glucosidase activity in Bm5 and Sf9 cell extracts by DNJ， 

acarbose， and voglibose 

Extract source ICso (μMt 

NIC 

NI 
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Bm5 

Sfヲ

DNJ 

26.1 :t 3.0b 

0.64:t 0.06 

acarbose 

ヤーNitrophenylα-D-glucopyranoside was used as a substrate to measureα-glucosidase 

activity in 100 mM  sodium phosphate buffer， pH 7. 

bValues represent the mean土standarddeviation separate experiments. 

CNI: No Inhibition (less than 50% inhibition at 1000μM). 
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Fig. 13. The effect of DNJ on the replication of BmNPV (・)and AcMNPV (0). 

Bm5 or Sf9 cells were inoculated with BmNPV or AcMNPV， respectively， at an MOI 

of 1. Following inoculation， the cells were maintained in medium containing 0， 1，2.5， 

5 or 10 mM DNJ. At 4 days postinfection， the viral titer in each ofthe DNJ containing 

仕eatmentswas determined and compared to the viral titers in non-DNJ containing 

control infections. Each point represents the mean value of three independent 

experiments. The e町orbars indicate standard deviation of the mean. The asterisk 

indicates a significant difference between the mean viral titer in non-treated and DNJ-

treated groups (* P < 0.05， *牢P< 0.01). 
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Fig. 14. Viability of Brn5 (・)and Sf9 (0) cells following仕eatrnentwith DNJ. 

The viability of cells that were grown for 48 h in rnediurn containing 0， 1， 2.5， 5 or 10 

mM DNJ was cornpared to the viability of control cells that were grown in rnediurn 

lacking DNJ. Cell viability was rneasured using XTT reagent. Each point represents 

the rnean value of three independent experirnents. The e町orbars indicate standard 

deviation of the rnean. No statistically significant differences were found between 

cells grown血theabsence or presence of DNJ up to 10 mM. 
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The α-glucosidase activity was measured with extracts of Bm5 (・)and Sf9 (0) cells. 

Each point represents the mean value of 

The eπor bars indicate standard deviation of the mean. 
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Discussion 

α-Glucosidase 1 removes the terminal glucose residue of Glc3Man9GlcNAc2 that 

is attached to a nascent glycoproteins， a critical initial step of the N-link:ed glycosylation 

process. The inhibition ofα-glucosidase interrupts the maturation of glycoproteins that 

are found on the envelope of enveloped viruses resulting in reduced viral particle 

assembly， suppression of virion secretion， and interference of the attachment of virions 

to host cells (Jacob etα1.， 2007; Pelletier et al.， 2000). DNJ is an iminosugar which 

can competitively inhibitα-glucosidase 1 and II in the ER (Wojczyk et al. 1995). 

Inhibition of the formation of mature virions and reduced infectivity have been found in 

enveloped viruses such as HBV， human immunodeficiency virus (HIV)， herpes simplex 

virus type 1， influenza virus， bovine viral diarrhea virus (BVDV)， dengue virus (DENV)， 

West Nile virus (明内~V)， Japanese encephalitis virus， and HCV following exposure to 

DNJ and its derivatives (Durantel et al. 2001; Dwek et al. 2002; Mehta et al. 2002; 

Woodhouse et al. 2008). In this chapter， the results showed that the presence of DNJ 

reduces the budded virus titer of AcMNPV but not BmNPV. This suggested that a-

glucosidase activity that processes the glycoproteins of AcMNPV is dramatically more 

sensitive to DNJ. 

In chapter 3， 1 showed that a-glucosidase activity in the midgut of B. mori， a 

specialist insect that feeds exclusively on mulberry leaf， is less sensitive to DNJ in 

comparison to a-glucosidase activity in the midgut of Antheraea yαmαmai， a generalist 

insect. Hirayama et al. (2007) have also shown th瓜 sucraseand trehalase in the 

midgut of B. mori are less sensitive to DNJ in comparison to the corresponding enz戸nes

of S，αmia ricini， a generalist herbivore. 1 found similar results in this study. The 

sensitivity of α-glucosidase activity in the Bm5 cell ex仕actwas significantly lower (i.e.， 
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40-fold higher ICso) in comparison to that found in the Sf9 cell ex仕actwhen PNPG， a 

known substrate of α-glucosidase II (Moremen et al. 1994)， was used as a substrate. 

Since it appeared tbat DNJ did not induce any effects on cell viability， 1 hypothesized 

that the reduction in AcMNPV titer that was found in Sf9 cells grown in DNJ 

containing medium resulted企omthe inhibition of α-glucosidase 1 and/orα-glucosidase 

II that are important for the formation and/or release of mature BVs. In contrast， in 

Bm5 cells these enzymes appeared to be less sensitive to the effects of DNJ， so that the 

formation and/or release of BmNPV BVs丘omBm5 cells that were grown in DNJ 

containing medium was unaffected. My findings are the first to show a differential 

response in terms of the inhibitory effects of DNJ on a-glycosidase activity in insects 

and on the ability ofbaculoviruses to efficiently replicate. Elucidation ofthe molecular 

mechanism behind this differential sensitivity to DNJ will provide a probe for the study 

of the comparative evolution of insects and nucleopolyhedroviruses. 

Summary 

1-Deoxynojirimycin (DNJ) is an alkaloid白剖 isfound at relatively high 

concentrations in mulberry leaf and tissues of the silkworm， Bombyx mori. DNJ is a 

well known inhibitor of α-glucosidase， an enz戸nethat is involved in the early stages of 

the N-linked glycoprotein synthesis pathway.α回Glucosidaseactivity in the cell extract 

from B. mori-derived Bm5 cells showed approximately 40-fold less sensitivity to DNJ 

than α-glucosidase activity in the cell extract from争odopteraj均giperda-derivedSf9 

cells. The replic剖ionof B. mori nucleopolyhedrovirus (BmNPV) was not inhibited 

when it was propagated in BmN cells that were grown in medium containing up to 10 

mM DNJ. In contrast， the replication of Autographa californicαmult中leNPV 
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(AcMNPV) was reduced by 67% when it was propagated in Sf9 cells that were grown 

in medium containing 10 mM  DNJ. The viability of Bm5 and Sf9 cells that were 

grown in medium containing up to 10 mM  DNJ was not affected. These results 

suggested that the reduced replication of AcMNPV was the result of the higher 

sensitivity of α-glucosidase activity in Sf9 cells to DNJ. 
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Chapter 5. Identification of the Genes Involved in 1・Deoxynojirimycin

Synthesis in Bacillus subtilis MORI 3K-85 

1-Deoxynojirimycin (DNJ) is a p01yhydroxylated piperidine alkaloid. These 

alkaloids can be considered as analogues of glucose in which the ring oxygen has been 

replaced by nitrogen. DNJ inhibits a.-glucosidase， which hydrolyzes 佐 glucose

residues within an oligosaccharide chain.α-Glucosidases are involved in a wide range 

of important biological processes. Therefore， the possibility of modifying or blocking 

these processes using DNJ as a glucosidase i出ibitorhas gained an increasing amount of 

interest related to cell biological and therapeutic applications， especially in relation to 

viral infections and diabetes (Asano et al.， 2000; Watson et α1.，2001). 

DNJ can be synthesized by removing the anomeric hydroxyl group of 

nojirimycin (Asano etα1.，2000; Watson etα1.，2001). DNJ has been isolated from the 

roots of mulberry甘eesand called moranoline (Asano etα1.， 2001; Watson and Nash， 

2000). DNJ is also prbduced by several strains of Bαcil/i (Hardick and Hutchinson， 

1993; Stein et al.， 1984; Watson and Nash， 2000) and Streptomyces (Asano et al.， 2000; 

Ezure et al.， 1985; Hardick et al.， 1991; Paek et al.， 1997; Schedel et al.， 2008; Watson 

et al.， 2001; Watson and Nash， 2000). However， the enz戸neor gene responsible for 

DNJ biosynthesis has not been identified. 

In this chapter， the DNJ biosynthetic genes of Bαcil/us subtilis MORI 3K-85， a 

DNJ-producing s仕ainwere identified. Furthermore， the recombinant Escherichia co/i 

strain harboring DNJ biosynthetic genes can produce DNJ in the culture supematant . 

Materials and Methods 

Bαcteriα1 stJ匂ins，plasmids and culture conditions 
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The B. subtilis MORI 3K-85 strain was selected after the y-irradiation of B. 

subtilis MORI (KCCM-10450)剖 doseof 3 KGy. E. coli EPI 300 [F mcrA t1(mrr-

hsdRMS-mcrBC)φ80dlacZt1lVI15 t1lacX74 recAl endAl araD139 t1(αra， leu)7697 galU 

galKχ中sL(StrR) nupG t抑 d析](Epicentre， USA) and DH5α(recAl endAl gyrA96 

thil hsdR17 supE44 relAl lacZ t1lVI15) (Clontech， USA) were used as host strains for 

genomic library construction and gene cloning， respectively. CopyControl pCC1BAC 

Cloning-Ready Vector (Epicentre) and pEXT20 (Dykxhoom et al.， 1996) were used for 

genomic library construction and the induced expression of the operon， respectively. 

E. coli was cultured in LB broth at 370C with shaking at 180中m.When necessary， 

chloramphenicol (12.5μglml) ， ampicillin (100μglml) ， 5-bromo-4-chloro-3-indolyl-s-

D-galactopyranoside (X -Gal) (40μg/ml) or isopropyl-s心-thiogalactopyranoside

(IPTG) (50 f!glml) was added to the cul旬remedium. The plasmids and chromosomal 

DNA were prepared using the GeneAll XPREp™ Plasmid SV Mini kit (GeneAll 

biotechnology， Korea) and the Wizard Genomic DNA Purification kit (Promega， USA)， 

respectively. Restriction enz戸nedigestion， agarose gel electrophoresis， ligation， and 

transformation were all carried out as described previously (Sambrook et al. 1989). 

Construction αnd screening 01 the genomic DNA libraη 

For chromosomal DNA extraction， the B. subtilis MORI 3K-85 s仕ainwas 

cultured in DifcO™ YM broth [Becton Dickinson (BD) and Company， USA] at 370C 

with shaking at 180 rpm. The genomic DNA of B. subtilis MORI 3K-85 prepared 

using a Promega kit was partially digested with BamHI and the DNA fragments were 

then ligated into the CopyControl pCC1BAC Cloning-Ready Vector. The ligation 

mixture was then仕組sformedinto TransforMax™ EPI300™ Electrocompetent E. coli 
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cells by electroporation (Dower etα1.， 1988). The transformed cells were incubated 

for 1 h at 370C with shaking at 220 rpm， and the aliquots were spread onto an LB agar 

plate containing chloramphenicol (12.5μg/ml)， X-Gal (40μg/ml)， and IPTG (50μg/ml). 

After ovemight incubation at 370C， white colonies were selected and inoculated into LB 

broth containing chloramphenicol (12.5μg/ml). The cells were incubated for 12 h at 

370C to determine the α-glucosidase inhibitory activity to screen clones harboring the 

DNJ biosynthetic genes of B. subtilis MORI 3K-85. Five positive clones showing α-

glucosidase inhibitory activity were selected and their a-glucosidase inhibitory activities 

were compared. Among them， the clone C36-4， which exhibited the highest α-

glucosidase inhibitory activity， was chosen for further analysis. 

Sequenceαnα:lysis 

The recombinant plasmid isolated from the B. subtilis MORI 3K-85 genomic 

DNA library clone C36-4 was termed pCC1BAC田DNJbb，and the nucleotide sequence 

of the inserted DNA fragment was determined by Solgent Co. (Korea). The resulting 

sequence information was used in a search of the GenBank at the National Center for 

Biotechnology Information (NCBI) using the BLAST program. An additional 

sequence analysis and a comparison were also performed using web-based programs 

(http://www.uniprot.org and http://gib.gen-es.nig.ac.jp). The promoter sequence and 

putative transcription factor binding sites on the upstream region of the DNJ 

biosynthetic genes were predicted with the web田basedDBTBS (a database of B. subtilis 

promoters and transcription factors) analysis program (ht中://dbtbs.hgc担/)(Sierro et al.， 

2008). The rho-independent terminator was predicted by ARNold， a web-based 
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terminator finding program (http://ma.igmorsル psud.fr/toolbox/amold/)(Naville etα1.， 

2011). 

Subcloningαnd expression of DNJ biosynthetic genes 

To identify the minimum set of genes required to direct DNJ biosynthesis in the 

heterologous host E. coli， various sizes of genomic DNA fragments企ompCC1BAC-

DNJbb were subcloned. First， a 5.56 kb HindlII企agmentcontaining four putative 

genes was ligated into pCC1BAC， resulting in pCC1BAC-DNJhh. A 4.2 kb HindIII-

NruI fragment containing three genes was cloned into白eHindlII site of pCC1BAC， 

resulting in pCC1BAC-DNJhn. To subclone the putative DNJ biosynthetic genes into 

the multi-copy expression vector pEXT20 under the IPTG-inducible PtaC promoter， a 3.3 

kb DNA企agmentcontaining gabT1-yktcl-gutBl genes was PCR amplified using 

pCC1BAC-DNJbb as template and the primer pairs DNJt1-N 

(5'AAAGAGCTCATGTTGGTAGTGGGGACTA四3'， SacI) and DNJt-C (5'-

AAAGGATCCTACGCAAGGTGAATGCTG-3'， BamHI). The PCR product was 

digested with SacI and BαmHI and ligated with SacI-BαmHI-digested pEXT20， 

resulting in pEXT20-DNJO. Likewise， a 3.2 kb DNA企agmentcontaining gabTl-

yktcl-gutBl genes but starting from an ATG codon at 69 bp downstream企omthe GTG 

codon was PCR-amp1ified with pCC1BAC-DNJbb as the template and primer pairs 

DNJt2-N (アーAAAGAGCTCATGGAAAGAGGTGAAGGC -3'， SacI) and DNJt-C. 

The PCR product was digested with SacI and BamHI and ligated with S，αcI-BamHI-

digested pEXT20， resulting in pEXT20-DNJ1. 

Induction of the expr白sionofthe gabTl-yktcl-gutBl operon 
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To investigate the effects of an increase in the gene dosage on the expression of 

the α-glucosidase inhibitory activity， the copy numbers of CopyControl pCCIBAC-

based plasmids were induced using a copy number autoinduction solution according to 

the manufacturerヲsinstructions. The relative amounts ofthe pCCIBAC control vector， 

pCCIBAC-DNJbb， and pCCIBAC-DNJhn isolated企oma control culture and 

autoinduced cultures were compared by separation on 0.8% agarose gel by 

electrophoresis. 

To determine the effects of the induced expression of the gabTl-yktcJ-gutBl 

operon on DNJ production in E. coli， pEXT20-DNJO was仕ansformedinto the E. coli 

DH5αstrain. The transformant was incubated in LB broth containing ampicilline (100 

μg/ml) at 370C with shaking at 180中m.To induce expression of the gabTl-yktcJ-

gutBl operon cloned under the PtaC promoter， 0.1 II由t1IPTG was added to the 

exponentially growing cultures. Samples were taken after 4 h of induction and 

subj ected toα-glucosidase inhibition assay. To determine the expression ofthe gabT1-

yktcJ -gutB 1 operon， whole cell ex位actsof the induced and uninduced cultures were 

separated on SDS-polyacrylamide gel by elec仕ophoresis.

Anα:lytic procedures 

To screen the clones harboring recombinant vectors containing DNJ biosynthetic 

genes， the α-glucosidase inhibitory activities were measured. To prepare the α" 

glucosidase solution， 0.8% rat intestinal acetone powder (Sigma， USA) was dissolved in 

0.1 M potassium phosphate buffer 匂H6.8) and the spun supematant was collected. 

The culture broths of the genomic DNA library clones were heated at 1000C for 10 min. 

The supematants were harvested by cen仕ifugation(6，000 x g， 10 min). The reaction 
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mixture for the α-glucosidase inhibition assay was prepared by the addition of 5μ1 of 

the boiled culture supematant， 75μ1 of 0.1 M potassium phosphate buffer (pH 6.8)， and 

50μ1 of 12 mM  p-nitrophenyl-α-glucopyranoside. Finally， 20μ1 of 0.8%α-

glucosidase solution was added into the mixture. After incubation at 370C for 35 min， 

the reaction was terminated by the addition of 50μ1 of 200 mM  sodium carbonate and 

the absorbance at 405 nm was measured using a microplate reader (Molecular Devices， 

USA). To calculate the α-glucosidase inhibitory activity， the formula shown below 

was used. Clones having more than 20% of α-glucosidase inhibitory activity were 

selected for further analysis (Cho et al.， 2008; Scofield et al.， 1986). 

山 ition(% A1405 (inhibition) -A405 (control2_ 1 x 100 
Aヰ05(enzyme) -A405 (blank) J 

To test the possibility ofDNJ production in the supematant ofthe selected c1ones， 

a thin-layer chromatography (TLC) analysis was performed by spotting 10μ1 of culture 

broths onto Silica gel 60 F254 TLC plates (Merck， Germany) and separating the samples 

in a TLC chamber containing a solvent mixture of propanol-acetic acid-water (4 : 1 : 1) 

at room tempera加re. As the standard control， 0.5μ1 of 10 mM  DNJ (Sigma， USA) 

was spotted under the same conditions. DNJ spots were detected by the spraying of a 

chlorine-o-tolidine reagent. 

To identify the nature of the α-glucosidase activity inhibitor in the culture 

supematant， the c10ne C36-4 was inoculated into 5 ml ofLB medium in a 50 ml conical 

tube and incubated ovemight at 370C with shaking at 220中m. One mi11iliter of the 

ovemight culture broth was inoculated into 500 ml of LB medium in a 1 L Er1enmeyer 

f1ask and incubated at 370C with shaking at 220中mfor 24 h. The culture broth was 

heated at 1000C for 10 min and cen佐ifugedat 6，000 x g for 10 min. The supematant 
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was concentrated to 50 ml using a vacuum evaporator (Buchi， Switzerland) to partially 

purify DNJ by two-step ion exchange chromatography using a previously described 

method (Asano et al.， 2001; Cho et al.， 2008). 

Fifty milliliters ofthe concentrated supematant was loaded into an ion-exchanger 

Amberlyst 15 (Si伊 la，USA) column (100 x 10 mm， H+). To remove the unbound part 

of the concentrated supematant， the column was washed with 10 ml of deionized water. 

The column was eluted with 80 ml of 0.5 N N~OH and 1 ml fractions were collected. 

The eluate in each企actionwas subjected to a TLC analysis to detect DNJ as described 

above. Active fractions were combined and concentrated to 4 ml by a vacuum 

evaporator. The concentrated eluate was loaded into a Dowex 1 x 2-100 (Sigma， 

USA) column (100 X 10 mm， OK)， and the column was eluted with 40 ml of deionized 

water. Again， active 企actionswere selected， combined， and concentrated to 4 ml 

usmg a vacuum evaporator. 

For a qualitative determination of DNJ， the partially purified samples were 

labeled using 9-fluorenylmethyl chloroformate (FMOC-Cl) and were then analyzed via 

a HPLC analysis， as described previously (Cho etα1.， 2008; Kim et al.， 2003). First， 

10μ1 of ion exchange企action，10μ1 of 0.4 M potassium borate buffer (pH 8.5) and 20 

μ1 of 10 mM  FMOC-Cl in CH3CN was mixed into Eppendorftube and was allowed to 

react at 200C for 20 min. The reaction was then terminated by the addition of 10μlof 

0.1 M glycine. To stabilize the DNJ-FMOC， 950μ1 of 0.1 % acetic acid was added 

into the reactant and then filtered through a 0.2 .um syringe filter (Nalgene， nylon filter). 

A 10μ1 aliquot of the filtrate was i吋ectedinto a Capcell Pak CI8 MG HPLC column (φ: 

4.60 X 250 mm) (Shiseido， Japan) and separated in a mobile phase of acetonitrile : 0.1 % 

acetic acid (1 : 1， v/v) at a flow rate of 1 ml min-I. The DNJ-FMOC fluorescence 
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(excitation 254 nm， emission 322 nm) was monitored using a FL3000 fluorescence 

detector. 

To confirm the isolation of DNJ via the molecular mass， liquid chromatography-

tandem mass spec仕ometry(LC-MS/MS) was conducted using an Agilent 1200 series 

HPLC system and an Agilent 6410B system (Agilent Technologies， USA). 

Chromatographic separation was performed on an Agilent Epic HILIC-HC column (4.6 

x 150 mm， 3μm). The column tempera加rewas maintained at 400C and the sample 

iniection volume was 2μL. The mobile phase consisted of solvent A (0.1 % formic 

acid in water) and solvent B (0.1 % formic acid in acetonitrile) using gradient elution (0-

0.1 min， 5% A and 95% B; 0.1-15 min， 80% A and 20% B; 15-20 min， 20% A and 80% 

B). It was delivered at a flow rate of 0.8 ml/min. Mass spectrometry was determined 

in positive mode by selected ion monitoring (SIM) and Scan mode. The mass 

spectrometer condition was set with a gas (N2) flow rate of 35 L/min， a gas tempera旬re

of 320oC， a capillary voltage of 4 kV， and a fragmentor voltage of 150 V (Nakagawa et 

al.， 2010). 

Results 

Construction 01 genomic DNA libr向。ifB. subtilis MORI 3K-85 

In the previous a抗emptto isolate a new DNJ-producing bacterial strain， several 

hundred bacterial strains isolated企omsoil and traditional Korean foods were screened. 

B. subtilis MORI， which was isolated from Chungkookjang， a Korean traditional 

fermented soybean food， was identified as a new DNJ-producing s仕ain(Kim et al.， 

2011). Subsequently， 1 carried out random mutagenesis by y-i町adiationto improve the 

DNJ production of the B. subtilis MORI s位ain. As a result， 1 obtained a B. subtilis 
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MORI 3K-85 strain whose DNJ production was increased by more than 10 fold 

compared to that of its parental strain B. subtilis MORI (Kim etα1.， 2011). In this 

study， in an effort to isolate the genes involved in DNJ biosynthesis， a genomic DNA 

library was constructed by cloning the BamHI digested genomic DNA of B. subtilis 

MORI 3K-85 into the CopyControl pCCIBAC Cloning-Ready vector followed by 

transformation into E. coli EPI300 competent cells. More than 20，000 transformants 

harboring the genomic DNA library vectors were selected and analyzed in terms oftheir 

inhibitory activities againstα-glucosidase. Five clones， C5-26， C26-40， C36-4， C88-

29 and C91-31， exhibited over 20% of a-glucosidase inhibitory activity (Table 8). 

Because clone C36-4 showed the highest α-glucosidase inhibitory activity of 48%， it 

was used for further characterization. 

Identification 01 DNJ 

First， to test whether this clone produced DNJ， the culture supematant was 

analyzed by analytical TLC using a silica gel plate. It has been shown that the 

supematant of clone C36-4 contains a substance which has an Rf value identical to that 

of the standard DNJ of 0.375 (data not shown). To investigate the identity of the α-

glucosidase inhibitor further， the culture supematant of clone C36-4 was subjected to 

two-step ion exchange chromatography for DNJ purification. When the企actions

showing a-glucosidase inhibitory activity were pooled and analyzed by HPLC after 

being derivatized with FOMC-Cl， it was clearly shown that the fraction contained DNJ， 

which was detected at the same retention time (RT) of 3.8 min noted with the standard 

substance (Fig. 16). 
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Nucleotide sequenceαnαlysis of the genomic library clone conferring DNJ 

biosynthesis 

To identify the genes that allowed the production of DNJ in E. coli， the size of 

the genornic DNA fragrnent inserted in the pCCIBAC-DNJbb isolated frorn the 

genornic DNA library clone C36-4 was deterrnined by restriction enz戸nedigestion. It 

was found that the pCCIBAC-DNJbb contained a B. subtilis MORI 3K-85 genornic 

DNA企agrnentof about 10 kb (data not shown). The nucleotide sequences of the 

inserted DNA were deterrnined， and the result showed that it contained a 10，086 bp 

DNA企agrnentflanked by BamHI restriction sites at both ends. Based on the 

nucleotide sequence of this fragrnent， seven open reading frarnes encoding a 

polypeptide longer than 100 arnino acid residues were predicted. When the entire 

nucleotide sequence was used to search the NCBI databases， two groups of genornic 

DNA stretches were identified to have strong hornology with the insert of pCCIBAC-

DNJbb. The sequence of the insert in pCCIBAC-DNJbb detected a hornologous 

sequence with a sirnilar length on the genorne of B.αmyloliquφciens FZB42. 

According to the genorne sequence inforrnation， in this region of B.αmyloliquφciens 

FZB42， seven ORFs were predicted to code for the following proteins， respectively: 

GlcPl (404 aa， transrnernbrane仕ansport)，GabTl (425 aa， transarninase)， Yktcl (316 aa， 

phosphatase)， GutBl (348 aa， oxidoreductase)， YbaR (434 aa， transrnernbrane 

transporter)， YbaS (327 aa， bile acid:sodiurn syrnporter)， and YbaA (210 aa， unknown) 

(Table 9). In addition， it was noted that the sequence of the insert in pCCIBAC-

DNJbb has the hornology to genorne sequence of B. subtilis 168. However， the 

hornology pattem was different企ornthat of B.αmyloliquefaciens FZB42， and it could 

be divided into three regions depending on the hornology to the B. subtilis 168 genorne. 
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The first 2.3 kb sequence of the pCCIBAC-DNJbb insert has a homologous region in 

the genome of B. subtilis 168. However， the next 4.2 kb stretch of the pCC 1 BAC-

DNJbb insert does not have any homologous sequence in the genome of B. subtilis 168. 

The last 3.6 kb stretch of pCCIBAC-DNJbb insert showed 93% identity to the region 

directly next to the first homologous region (Fig. 17). It is noteworthy that the B. 

subtilis 168 strain was not able to synthesize DNJ， whereas B.αmyloliquφciens FZB42 

was able to synthesize DNJ. Thus， we closely examined the pCCIBAC-DNJbb 

sequences having a homologous時 ionin the genome of B.αmyloliquφciens FZB42 

but not in the genome of the B. subtilis 168 strain. This region was determined to have 

a putative operon consisting ofthe three open reading frames of gabTl， yktc1 and gutBl 

(Fig. 18). The nucleotide sequence homologies between the gabT1， yktc1 and gutBl 

ORFs of the B. subtilis MORI 3K-85 strain and those of B.αmyloliquefaciens FZB42 

were 86%， 78% and 75%， respectively (data not shown). Interestingly， the nucleotide 

sequence of the gabTl， yktcl and gutBl genes of B. subtilis MORI 3K-85 strain was 

identical to th瓜ofB. subtilis MORI strain (data not shown). 

Identification of DNJ biosynthetic genes 

To determine the gene sets required to confer the ability to produce DNJ to E. 

coli， the DNJ production of E. coli transformants harboring different sets of B. subtilis 

MORI 3K-85 genes from pCCIBAC-DNJbb were monitored. It was found that the E. 

coli transformant harboring subclone pCCIBAC-DNJhh containing g，αbTl， yktc1， gutBl 

and ybaR genes shows α-glucosidase inhibitory activity. Furthermore， when the 

subclone pCCIBAC-DNJhn containing gabTl， yktcl， and gutBl genes was transformed， 

the resulting recombinant E. coli s仕ainwas also able to produce a-glucosidase 
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inhibitory activity. As shown in Table 10， both transformants of pCC1BAC-DNJhh 

and pCC1BAC-DNJhn showed increased a-glucosidase inhibitory activity of about 

70% compared to that of clone pCC1BAC-DNJbb. To confirm the production ofDNJ 

by the recombinant E. coli strain harboring pCC1BAC-DNJhn， DNJ was purified by 

two-step ion exchange chromatography and analyzed by analytical LC MS/MS， as 

described in the Materials and Methods section. It was found that DNJ existed in the 

culture supematant at the same RT of 6.16 noted with the standard DNJ (Fig. 19). 

Furthermore， about 0.2 mg/L of DNJ was detected in the purified sample (data not 

shown). Thus， when considering the possible loss ofDNJ during purification， it can be 

predicted that the culture supematant of this transformant contained about 6 mg/L of 

DNJ. Taken together， these results suggest that the gabTl， yktc1， and gutBl genes of 

B. subtilis MORI 3K-85 are sufficient to lead to DNJ synthesis in the heterologous host 

E. coli. 

Growthてphαse-d，己pendentsynthesis 01 DNJ in recombinant E. coli strαin 

To investigate whether it is possible to increase DNJ production by inducing the 

expression of DNJ biosynthetic genes， different approaches were employed. Based on 

the property ofthe pCC1BAC vector system， whose copy number could be induced by 

仕ea出lentof the inducer， the a-glucosidase inhibitory activities of transforτnants 

harboring pCC1BAC-DNJbb or pCC1BAC-DNJhn were compared with and without 

copy number induction. 1 was not able to observe the expected increase in the α-

glucosidase inhibitory activities upon copy number induction. It was rather found that 

the a-glucosidase inhibitory activities increased at the stationary phase of the growth 

(Fig. 20). To increase the expression of all three genes involved in DNJ biosynthesis 
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五lrther，the gabTl-yktcJ -gutBl genes were cloned into the multi-copy expression 

vector pEXT20 under a strong IPTG-inducible PtaC promoter， resulting in pEXT20-

DNJO (Fig. 21A). The E. coli DH5αstrains harboring pEXT20-DNJO were induced 

by IPTG treatment， and whole celllysates were separated on 10% PAGE (Fig. 21B). 

Some proteins have been clearly shown to be overexpressed by induction; however， the 

level of a-glucosidase inhibitory activity was not affected by IPTG induction but instead 

increased at the stationary phase of growth (Fig. 21 C). To assess the possibility of 

utilizing the ATG codon， which is located 69 bp downstream from the originally 

predicted GTG codon， for translational initiation of the gabTl gene， the α-glucosidase 

i凶libitoryactivity of the仕ansformantharboring pEXT20目DNJ1was determined， but no 

activity was detected， suggesting that the first 23 aa residues of the gabT1 encoded 

protein is important for its activity. 
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Table 8. Inhibitory activities against a-glucosidase by the culture broths of various 

selected clones 

Cloi1e 

Controla 

C5-26 

C26-40 

C36-4 

C88-29 

C91-31 

α-Glucosidase inhibitory activity (%)b 

0.0 

20.0 

32.0 

48.0 

36.0 

38.。

aE. coli transformant harboring the empty CopyControl pCCIBAC Cloning-Ready 

Vector (Epicentre). 

bThe cells were incubated for 12 h at 370C to determine the α-glucosidase inhibitory 

activity as described in the “Materials and Methods" section. 
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Table 9. Experimentally defined gene functions in the B. amyloliqueJaciens FZB42 

which is matched with DNA sequence ofthe inserted DNA in the clone C36-4 

ORF 
Size Protein 

Molecular function Biological process 
(aa) name 

glcPl 404 GlcP1 Transmembrane transport Unknown 

4-Aminobutyrate transaminase 
gα~bT1 425 GabT1 activity and pyridoxal phosphate Unknown 

binding 

yktcJ 316 Yktc1 
Inositol or phosphatidylinositol 

Unknown 
phosphatase activity 

gutBl 348 GutB1 
Oxidoreductase activity and zinc 

Oxidation reduction 
ion binding 

ybαR 434 YbaR 
Integral to membame and Transmembrane 
transpoter activlty transport 

ybαS 327 YbaS 
Bile acid:sodium s戸nporter

Sodium ion transport 
act1vlty 

ybαA 210 YbaA Unknown Unknown 
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Table 10. Inhibitory activities against a-glucosidase by the culture broths of the selected 

c10nes harboring recombinant plasmids containing various sizes ofDNA fragments 

Type of DNA fragments 
(Kb) 

pCCIBAC-DNJbb (10.07) 

pCCIBAC-DNJhh (5.56) 

pCCIBAC-DNJhn (4.20) 

α-Glucosidase inhibitory activity 

(%) 

51.0 

71.7 

74.5 
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Fig. 16. Identification of DNJ in the culture broth of the recombinant E. coli 

A. HPLC chromatogram of standard DNJ， B. strain harboring pCC1BAC-DNJbb. 

HPLC chromatogram of the culture broth of E. coli strain harboring pCC1BAC-DNJbb 
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Fig. 17. Comparative organization of the DNJ biosynthetic genes of different 

bacilli strains. Homologous sequences of the putative DNJ biosynthetic genes of B. 

subtilis MORI 3K-85 were identified in the genome sequence of B. amyloliquそ向ciens

FZB42， but they were absent in the genome sequence of B. subtilis 168. The shaded 

boxes represent gabTl， yktcl and ybaR genes which share 86%， 78% and 75% of their 

nucleotide sequence homologies between corresponding genes of B. subtilis MORI 3K-

85 andB.αmyloliquそfaciensFZB42. 
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gabTl・
181 ATiTTATGAATλGS~-;GTGTTGr， T IH~TG(';Gιλ亡?λ 九 λロl~j""I\:T;¥r.Gt，)¥ 'T C 亡九日 r， CAGT ，Hミホ !']'T λ 士九:'， /\\1': 口百九 :'C;λ 士三~~日l':.":ATGGAÞ，

v V V G r K R r T N P ~ S V Y K V r コ V V f-1ご

271 AGAGGTGP.3，.GGCATATJ:..TT I' GT.~C~ATτC.~.GA~';GG:::AÞ..TGAG主主IATTGl主TτιτGCC工ζ亡く三仁士，.i;，r_:ττ士CAACてて旦主主でてIGGG'l"ZF_TACC

R G E G 1 Y ~ Y D S E G N 己'! ~ 己主主 A T l 百~ 1 G '! 'f 

361 AATA;:'..?GA J.;.G l''T ATT~;Þ.，TÞ，CÞ.GτCAAl..Gf..Aご.~G C;CTGAごとf..GCτ C;:-，TA亡.~CGTCAC:τ TC':" で亡tτ_~CCAA}\C: C.r.. .n， CGCCGT':'Þ..AてAA_-;"':'T ，~

N K E V 1 0 T V K E Q A D Q L !江 V 'r S S Y Q T N A V N K L 

451 GCTGAJ込lAAACTTGTAGAAATCTCCCCCGACAATrrλ}¥C'fA l'd\GT 'f亡λCCCTAAGG':"TAGCAGCGGCτCTGCTGCGA)\?GA1\GGl~GC'T'Þ.，T?

A E K L V E 1 S P D N L T K V H P 互 v S S G S A A N E G A 1 

541 A.'A.AATGGC'l'CAl'.AACTATTCTGGAA P-.AAC ，';GATGTこAT'l'τCTTTATTCCGA.4GC亡主亡Cγ'l' GGCCAAACG'l'A'L~::'G_; :'GてCTGCG'l'l'A ::CC 

K N A 岳民 Y S G K T D V 1 S L F R S H L G Q l' Y M 出 S A L S 

631 GGAAATTCATTTCGAAGAGAGCCATTCCCCCCTCAGTTTTCττTTGGCT7ACAGGTGCC?GACCCC7ATTGCAACCGT?GT7??7ACAAT 

G N S f R R E P F ? 2 む F S Y G L 0 V P C P Y C N R C F Y N 

721 CAGAr，GCCλGATTCATGCGGAATGCでてTGTGT!!.GI;_aAGAAT'l'A.A1'GA'I'l'TTb，Tl'GAA'I'hで5亡GI¥G'I';...ACG-::'Aj\Al\ l'~ T TGC CGCGλTGATT 

Q K P D S C G M L C V E R 1 N D F 1 E Y A S N G K A A M 工

8.11 T. T'1'GAl'.CCGA'.f''l'TCCGGTA.l¥CGGAGGAf-o.f¥Cl¥'l'CG'I''J'CCGCC'!'Jヘ/¥GGr¥G'l'l¥CT TT i¥!¥GCAI¥ '1'7' AAGf~Î\l\G亡 rC'l'GTG l\'l'G t\ (~CATGATi\'J"?

1 E P 1 S G N G G N I V P P K E Y F K 号 L R K L C D E H D 工

901 GCACTTAl'TTT'1'GATGAAATTCAA~;CCGGAT 'I' TGGCCGGACAGGCAAGA':'GTTTGCGGC'I- GAT 'fACTTTGA'I'G'l' GAAACCGAAT旦TGATG

A L 1 F D E 1 Q T G F G R T G K 封 F A A D Y f 0 V K P N M M 

宮苦1 ACTGTTGCAAAAGGATTGGGAGGCACGGGATTCCAGGTTGCCGCCACCCTCACAGAGGAAA~~?ACATGGGATTAGCCGGCCACAATCAC 
T ~，l A 瓦 G ~ G G T G F Q V A A ~ L - E E K Y M G L A G H N !i 

1081 TCTTTTACTTATGGCTCGAACGTGATGGCCTCGGCλGCAGCTTG'I'AAGACA.1¥T己GAM，TCATGCAGCGGCCGGGC'fTCTTl¥GM'，AATGTA
S F T Y G S N V M A 5 A A A C K T I E 1 M 官 RPGFLE 百 V

1171 ACA].t.C~l'G'l'CGGGAA'l'TACÞ.I'TATGGl\'l"l'CCT'l'AGAGCl\Cl1.TG:\AGAAAG1\A:l' TChCAT'l'TAT'rGC'l'GACG'rCAGAGGCGTAGG'l'T'rGA1'G 

T T V G N Y T M D S L E H M K K 2 F T F A 0 V R G V G 1. M 

1261 ATCGGTGTTGp~且TTGTÞ~AAGAGAATAATGAGCGTGATGTAGAGCTGACCAATTAtAT?GCAAAACGGGCTATGGATTATGGGTTAATT

工 G V E 1 V K E 羽目 E R D V E L T N Y 1 孟瓦 R A M 0 Y G L 工

Fig. 18. The nuc1eotide sequence and deduced amino acid sequence of the DNJ 

biosynthetic genes from B. subtilis MORI 3K-85. The nucleotide sequence in the 

shaded box is the putative Sigma factor A (SigA) dependent promoter predicted by the 

web-based DBTBS (a database of Baci/lus subtilis promoters and transcription factors) 

analysis program (h抗p://dbtbs.hgc.jp/)(Sierro etα1.， 2008). A putative CcpA binding 

sequence was identified ups仕eamof the promoter (underlined italic letters). The 

putative ribosome binding sites and initiation codons of each gene are marked as boxed 

letters and bold letters in shaded boxes， respectively. The altemative ATG initiation 

codon for the gabTl gene is marked in bold letters. The rho-independent terminator 

(the underlined sequences where bold letters represent the stem region) was predicted 

by ARNOLD， a web-based terminator finding program (http://ma.igmorsル

psud企/toolbox!amold/)(Navil1e et al.， 2011). 
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1441 þ-_且 I:..C 士'I'CG.:-AAGCIAτ士C巳 AGGAτATC~_.!\GTG旦AA己主主士ATATτÞ.T.hGλc;cτて G(~AAこAτT:コ Tr'.!.' AT ~;Þ. l:...GI:..i~~~二'GA;'_GGGACAGAÞ-..AG

。.J K .=: '! 1 乙 L G ~. v y ~ L V X G Q X G 

K L R K T， 1， E n 百

lS::'エ GAAClt己TGAAJ.l_AACCGGTl'A~_;::TAp._T C: GGT五TTC亡ごCAGG己 G::';;:..G I'-..TGCA C: P~G l'τ 工;~\CATTGAT::":CCG亡工{'("'こ Cf\GAATGC主む主 GC:'GG

GT  L ，，_ N R L V N G Y S P G G D A Q '" N 工己主主主 E 1.1 主 V E 

1621 AATATGTGAAThG己λAAGAGGλ}".¥TCl'':.GTTG己G'I'TTTATλと古GAλ5λT:';GCG吉CC:TGl¥l¥GGTkrrT也GGG九CAATCCTĈ T̂ATATTTTGA
E Y V N S K :::， E S V A F Y T E D G G L K V ? G J !.r P Q Y 1 .... I 

エ711 1'CG'!，ll'GATCCGA1"rCft.CGGCJl.CCCGCCCGGCAGC'l'GCAGGACTl'Gλ̂ T̂GTCTTGIATCTCTATCGCAT1AGC1GCATACAAGCCTGATG 

IVDPIDGT R. Pλλ r， ，; L E 河 S C 1 S 1 ^ L ^λ'!  K P D 1¥ 

エ君。1 CA在AGATl'T.AGGA'}A1'1'GAA'l"i'TGC:l'T'fTCTGC'l'τGA3CTGl'..;'.A f:~GAGG 'l' GCCT I~ TAT GT.f'>，CGCGSATGT T T A'l TC':'GA ，~GGGA '1'1"1' T.TT 

A f. 1 K D 1 2 Fλ f' :. L E L K "1.' G .~ Y [.1 Y i¥ e v Y S E G ! 'f Y 

18ヨ1 fl2GAAGGCTATCGl'・GGCACCCTGCCAT.A?CTGT.GCAAT.GI'GACAGACI':.T'l'AAACAτr..TGTTCでGGAGCCTTGl'-.GTT'l'AA':'GGGCATCCCG

YZGYRGτL  P ~ ~ S K V て DI!<Hl~F~';SLEF~.!GHPA

1981 亡GCACCTGA?GA77GATG亡G'TλCGGTCATT~G".T 'T'GλTC.;GTCAGCG.l\ATAλTGGCGGCGTAや'I''f GTrTTCA;\TAGCGCT?C7'I' .~'I''rCAA
且ヨ L 14 1 D ;主 Y G B L 1 D Q S A r-: N G G V :; ~.，; F N S A S Y S 

2071 l'CTCCAGGA~'TA?'"1'Þ.CAGGGCAGATGGAl'GCCTAl'G 'i'GGA'l'ATCGGCAATこGTCTATTA Þ.AAGA l'G Þ.'J' C・ C 'l' GCGC 'l' GC 'f GAAAG.l\TT 'f'rC

ISRTITGQHDAYVD 工 GNRI~ l. K DCPALLKOFQ  

2161 AGGA'3.'GTGGGGAA?GGGCAGG'l'C亡TGC A.T C"-:rGT1' TCCA'l'A'l'GA'l・ Al"l' GCCGCAAGTGTGTTT1'士 GGCGAAA_;';'.Þ.GCAGGTGT'~GTGAでτA

QD  V G N G Q V L H;" F P Y D 1 A A S V l' L T. K K A G V V 1 T 

2251 CTGATGCGTATGGAAAGTCCTTGGATG主主且CT_CTTCTGi¥CGGATCTTAGCTF.CAATAACCAGC.2¥GTCJ!.TGCATCGCTGCATCAJ¥CGAAGG

'l' D A Y G K 5 L D D '1' L L l' D L S Y N N Q 0 s C 工 A A S T n E 

gutBl→ 

2341 AGCTGCATCAGAAGCTGCTGGATCAAATTCGCTGGGACAGAAAGGA且GAGACAT且TGAAAG己GTTGGTCTGGACTCCTAATGATCGGCTT

EL  H Q K L L D Q I R W D R K E E T Y E 5 V G L D 5 

M K A L V W T P N D R L 

2431 GAAATGCA且GAAG'l'AGAAGAACC'l'CAAATCAAAAAAATGAACGATGTGAAAGTTAAAATATACGGGACAGGCATCTGCGGAACGGATTTA
E M Q E V E E P 由 1 K K M N D V K V K 1 Y G T G 1 C G T D L 

2521 AATGTTCTA1IAAGGAAAGATGCATGCGACTむACAATATGATCCTAGGCCACGAATCTGTGGGAGTGGTGACAGAAACAGGGCCTGATGTT
N V L K G K M H A T H N M 1 L G H E S V G V V T E T G P D V 

2611 AAAAJl..CG1'CAAGCCTGGTGATCGCGTGGTA且TTGA1'CCG且CTCAGTTTTGCGGGAAGTGTτATTATTGCCGG&~AGG1'TT&~CTTGTT且T

K N V K P G D R V V 1 D P T Q F C G K C Y Y C R K G L T C Y 

2701 TGTGAAACG'l'TTGAAG且CTGGCAGCTGGGATTAGGGGCGCATGGCACTTTTGCCGATTATTACGTAGGCGAGGACCGTTTTATGTATA&~

C E T F E 0 W Q L G L G A H G T F A 0 Y Y V G E D R F M Y K 

2791 ATCCCGGACAAT且TGGATTGGGAACG且GCCACTTTGATTGAGCCGCTTTCCTGTGTATTAAATGTGATAGAGCGGGCTGCAλTAAA瓦CCT

IPDNND 珂 E R A T L 工 E P L S C V L N V 1 E R A A 工京 P

2881 GACGATTCTGTfl_CTTGTATTAGGGTCAGGGCCGATTGGGCTGC'l'TGTTCAAATGA'J'GG'l'GAAAAP.ACTATCAAGGC1'GACCGTTGCGACC 。D S V L V L G S G P T G L L V Q M M V K K L S R L T V A T 
2971 GAGATCGGAGAGTATCGGTCAGA且GCGGCACGCCGGATATCTGACTATGTTTACCACCCGCAGGATTTAACGGCAGATGAGGTCAGGCGG

E 1 G E Y R S E A A R R 1 S D Y V Y H P Q D L T A D E V R R 

3061 ATAAACCAAGGAAGA且CATTTGATGTG且TCTTTGACGCGATCGGCAATCAGCTTGATTGGGCATATCCGTTAATTGACAAGGGCGGAAGG

工 N Q G R T F D V 1 F D A 1 G N Q L D W A Y P L 工 D K G G R 

3151 CTTG'l'GCCGATGGGGTTTGATGATACGTATGfu¥ATGAAA且TCAGGCCTTTTCAGCTGCTTTCT且ACGGGGTGACGATTGTTGGAACCGGA
L V P M G P D D T Y E M K 工 R P F Q L L S N G V T 工 V G T G 

3241 G且GGCTCGACλAAîCATGGAGGATGCGGTATC且TGTGCCGCGGAC且TGCCTCAGCTTTCTG且ACTGATTACGGAGA_~~CCCCGCTTG主G

E A R Q I M E D A V S C A A D M P Q L S E L 1 l' E K T P L E 

3331 AACTATGAGGCTGCCATCCAGGAATTGATGGGCATAG且TCCGTTGTC且Afl_TGAGi>_GAAAi¥GATATTGCCGCAGTTi>.AAACG."<TTCTTGTT

N Y E A A 1 Q E L M G 1 D P L S N E R K D I A A V K T 1 L V 

3421 TCCCAT己CGG且TATGATl'.TAA'l'GCAGCGATAT'GGCTCA且ACTTAGTTTG.且_GCCATATTTTTCTTCAGCATTCACCTTGCGTATTTGAATA

S H P D M 工

3511 AAATTT &~ Tl'.TGATACTCT:r1'G1'ATA孟TAACTCCT1'GCCTCAATACAATA'fACTCA且CGTTTCCCCTT'rTTCTCCGATCGTTTTCC1'TTT

Fig. 18. Continued. 
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Standard DNJ (A) and the culture broth of E. coli transformant harboring pCC1BAC-

Mass spectrometry was determined in 

positive mode by SIM and Scan mode. Inserts represent the MS spec仕aof each sample. 
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DNJhn (B) were analyzed by LC-MS/MS. 
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Fig.20. Effects ofthe induced copy number ofrecombinant plasmids on the か

glucosidase inhibitory activities. E coli EPI300 strains harboring pCCIBAC (square)， 

pCCIBAC-DNJbb (triangle)， and pCCIBAC同DNJhn(circ1e) were cultured in the 

absence (open symbols) or presence of plasmid copy number induction (c1osed 

symbols). Samples were taken at the indicated time points and assayed for α" 

glucosidase inhibitory activity. In the insert， to confirm the plasmid copy number 

induction， pCCIBAC-DNJbb vectors prepared from the same volumes of uninduced 

(lane 1) and induced (lane 2) cultures were separated by electrophoresis on 0.8% 

agarose gel. 
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Fig. 21. Overexpression of DNJ biosynthetic genes. A. DNJ biosynthetic genes， 

gabTl， yktcJ， and gutBl， were cloned under the IPTG-inducible PtaC promoter in the 

medium copy number expression vector pEXT20. B. E. coli DH5αstrains harboring 

pEXT20 (lane 1) or pEXT2ふDNJO(lane 2) were induced and whole cell lysates were 

separated on 10% P AGE. C. a-glucosidase inhibitory activities in a culture broth of E. 

coli DH5αstrain harboring， pEXT20 (black bar吋， pEXT20開DNJ1(grey bars)， or 

pEXT20-DNJO (white bars) were determined at the indicated times of cultivation. 
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Discussion 

Based on isotope labeling studies， putative DNJ biosynthetic pathways have been 

pos同latedin several different organisms. In bαcilli and streptomyces， it has been 

suggested that the precursor of DNJ biosynthesis， glucose， undergoes C2/C6 cyclization 

in which amination， oxidation， and epimerization played major roles (Hardick etα1.， 

1992; Hardick and Hutchinson， 1993). In the higher plant dayflower Commelina 

communis (Commelinaceae)， DNJ was proposed to be biosynthesized through a 

different route involving the Cl/C5 cyclization of the original glucose molecule 

(Shibano etα1.， 2004). Despite detailed proposals for DNJ biosynthetic pathways in 

both bacteria and plants， no report is available on the genetics or enzymes of DNJ 

biosynthetic pathways. 

In this chapter， for the first time， three genes， gabT1， yktcl and gutBl， was 

isolated from the DNJ-producing B. subtilis MORI 3K-85 strain. When a recombinant 

plasmid harboring these genes was transformed into E. coli， the仕ansformantsproduced 

DNJ into the culture medium. This suggests that the products of these three genes 

were enough to direct DNJ synthesis in the heterologous host E. coli. Further evidence 

of the involvement of these genes in DNJ biosynthesis was provided by the fact that 

these genes are missing in the genome of the DNJ non-producing B. subtilis 168， while 

homologous genes showing more than 75% of nucleotide sequence homologies were 

detected in the genome of the DNJ-producing B. amyloliquそfaciensFZB42 strain. 

These genes were predicted to encode putative transaminase， phosphatase， and 

oxidoreductase， respectively. It is noteworthy that the putative DNJ biosynthetic 

pathway in Bacillus subtilis var niger was predicted to use a sugar-phosphate as an 

intermediate and involve amination and oxidation steps (Hardick and Hutchinson， 1993). 
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According to the nucleotide sequence analysis， upstream of the SigA dependent 

promoter of the gabT1-yktcJ-gutBJ operon， a catabolite-responsive element (cre) has 

been predicted. It is well known that the expression of genes containing cre in B. 

subtilis is re思Ilatedby the carbon catabolite protein A (CcpA) transcription factor in 

response to carbon metabolism (Fujita， 2009). Interestingly enough， it has been reported 

that the maximal level of DNJ production in the B. subtilis DSM704 strain was 

observed at the onset of sporulation at the late stage of growth (Stein， 1984). 

U市enDNJ biosynthetic genes were introduced into E. coli， DNJ production was 

observed clearly but only in a limited amount. The maximal level of production was 

only observed at the stationary phase of growth. Moreover， it was not possible to 

increase DNJ production further by inducing the copy number of the recombinant 

plasmid or by expressing these genes under the control of a strong inducible promoter. 

This may indicate that there is a limiting step to increase the level of DNJ production in 

recombinant E. coli， such as shortage of a substrate or insufficient expression of one of 

the DNJ biosynthetic genes in active form. In fact， the expression level of the gabTI 

gene was extremely low compared to those of other two genes and it could be due to its 

five r訂eArg codons (AGA). 

There are increasing demands for DNJ due to its potential to be developed as a 

new therapeutic based on its α-glucosidase inhibition activity. Although many reports 

describing the chemical synthesis of DNJ have been published， there remain several 

obstacles to be overcome before it can be put into large-scale production. For example， 

chemical synthesis requires a complicated process and lacks stereochemical selectivity 

(Schedel， M. 2008). Thus， to produce DNJ economically， it is likely necessary to 

employ a biotechnological fermentation process. The DNJ biosynthetic genes isolated 
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in this study for the first time will allow an understanding of the physiological roles of 

DNJ as well as the fabrication of the bioprocesses for mass production of DNJ. 

Further studies regarding the biochemical properties of enz戸nesencoded by each gene 

and their substrates and cofactors will be required. In addition， to establish an 

economical production system using a heterologous host such as E. coli， it will be 

necessary to analyze and optimize the related metabolic pathways with molecular 

genetic and functional genomic tools. 

Summary 

l-Deoxynojirimycin (DNJ)， a D-glucose analogue with a nitrogen atom 

substituting for the ring oxygen， is a strong inhibitor of intestinal α-glucosidase. DNJ 

has several promising biological activities， including its antidiabetic， antitumor， and 

antiviral activities. Nevertheless， only limited amounts ofDNJ are available because it 

can only be extracted丘omsome higher plants， including the mulberry tree， or purified 

from the culture broth of several types of soil bacteria， such as Streptomyces平・ and

Bacillus伊・ In the previous s回dy，a DNJ-producing bacterium， Bacillus subtilis 

MORI， was isolated from the traditional Korean fermented food Chungkookjang. In the 

present study， 1 report the identification of the DNJ biosynthetic genes in B. subtilis 

MORI 3K-85 s仕ain，a DNJ-overproducing derivate of the B. subtilis MORI s仕am

generated by y-irradiation. The genomic DNA library of B. subtilis MORI 3K-85 was 

constructed in Escherichia coli， and clones showing α-glucosidase inhibition activity 

were selected. After DNA sequencing and a series of subcloning， 1 were able to 

identify a put剖iveoperon which consists of gabTl， yktcl， and gutBl genes predicted to 

encode putative transaminase， phosphatase， and oxidoreductase， respectively. When a 
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recombinant plasmid containing this operon sequence was transformed into an E. coli 

strain， the resulting transformant was able to produce DNJ into the culture medium. 

These results indicate that the gabT1， yktcJ， and gutBl genes are involved in the DNJ 

biosynthetic pathway in B. subtilis MORI， suggesting the possibility of employing these 

genes to establish a large-scale microbial DNJ ove中roductionsystem through genetic 

engineering and process optimization. 
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General Discussion 

The overall theme of my dissertation research has been investigation of the role 

of host factors that inf1uence baculovirus replication. In particular 1 have focused my 

studies on the effects of host starvation， as well as the levels of ecdysteroid，α-

glucosidase， and DNJ on the replication of the baculoviruses BmNPV and AcMNPV. 

1 have also investigated the biosynthetic pathway ofDNJ in the bacterium B. subtilis. 

Cory (2010) reported that one of the emerging areas in host-virus ecology is the 

role of the host condition in determining susceptibility. In insects， the host condition is 

primarily affected by plant secondary chemicals in the insect's diet. The nutritional 

state of an insect can have significant impacts in its development， physiology， behavior， 

fecundity， and other life parameters. When larvae of Drosophila melanogaster are 

transferred from a nutritious diet to a minimal diet， endoreplication cells stop their 

growth (Britton et al.， 2002). Chen and Gu (2006) also showed that starvation in D. 

melanogater reduces protein levels of certain glands. The nutritional content of an 

insect's diet is likely to affect its disease resistance through influences on its immune 

fu.nction (Siva-Jothy and Thompson， 2002; Yang et al.， 2007). Clearly， the "host 

condition" is important for viral replication. In my dissertation， 1 examined the effect 

of starvation on baculovirus pathogenicity， larval mortality， and larval mass. 1 found 

that starvation results in a decrease in the growth rate of infected larvae. Consequently， 

the decrease of the growth rate leads to a reduction in viral replication and delay in the 

lethal time to death. Hoover et al (1997) have also shown th剖 slowerrelative growth 

rates of baculovirus-infected larvae which fed on old-stored diet were correlated with 

slower lethal time. These results suggested that nutritional condition of host affects 

the replication ofbaculovirus. 
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Ecdysteroids control molting and metamorphosis in insects. Pulses of 

ecdysteroid determine all development transitions (Colombani etα1.， 2005). Most 

baculovirus produce ecdysteroid UDP-glucosyltransferase which inactivates 

ecdysteroids resulting in the inhibition of molting and pupation in infected larvae 

(O'Reilly and Miller， 1989). In my study， the growth rate of B. mori larvae infected 

with an egt-deleted mutant or wild-type BmNPV were compared. Mutant-infected 

larvae showed decreased food consumption and body weight， and died about 12 hours 

白sterthan wild-type virus infected larvae. In addition， mutant-infected larvae showed 

the initiation of normal molting and pupation processes unlike the wild-type virus-

infected larvae. These results are similar to those found previously in caterpillars 

infected with other NPVs (O'Reilly and Miller， 1991; Eldridge et al.， 1992; Burand and 

Park， 1992). 

In chapter 2， the effect of ecdysteroid on viral replication was investigated by 

treating the larvae with ecdysteroid on the day of the fourth larval ecdysis. 

Biochemical and histochemistrical methods were used to analyze how ecdysteroid 

treatment affects viral replication. Ecdysteroid treatment increased the speed of virus-

specific protein expression and virus transmission suggesting that ecdysteroid stimulates 

virus transmission. From an evolutionary point of view， the ancestral NPV likely did 

not have an egt gene. The modem NPV likely obtained the gene from a host insect 

resulting in the inactivation of ecdysteroid function (Rohrmann， 2011). The 

inactivation of ecdysteroid inhibits molting and pupation and extends the feeding stage 

of host insects， resulting in an increase in the number of progeny viruses that are 

produced (O'Reilly and Miller， 1991). An ancestral NPV without an egt gene might 

be able to仕組smit白sterthan the modem NPV， but the amount ofprogeny produced by 
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the primitive NPV-infected larvae is likely to be lower. Therefore， the virus appears to 

have chosen a strategy to produce more progeny. Inhibition of molting and pupation， 

extension of feeding duration， and increase of body weight following ecdysteroid 

inactivation might be the best choice for a baculovirus to mass produce progeny. 

As the sericulture industries in Korea and Japan become smaller， the focus of 

sericulture in Korea and Japan is evolving from one that is centered on the production of 

silk for the generation of fabric to one that is more diverse. For example， the 

application of silk and silkworm-derived technologies was used as an artificial eardrum， 

bone， and hypoglycemic agents (Banno et al.， 2010). DNJ， a compound th剖 lS

abundantly found in silkworms and mulberry trees， is a recent focus in applied 

sericultural sciences. DNJ is an alkaloid which inhibits α-glucosidase in the small 

intestine of human resulting in a reduction in the rate of glucose uptake after a meal 

(Ahn etα1.， 2005; Kong et al.， 2008). In addition， DNJ has been known as an antiviral 

agent against animal viruses. Various DNJ derivatives have been synthesized and 

tested against different viruses (Chang etα1.， 2009; Hazama et al.， 2003; Jacob et al.， 

2007; Mehta et al.， 2002; Tanaka et al.， 2006; Whitby et al.， 2005; Wu et al.， 2002 ). 

Normally silkworms feed on mulberry leaves which can contain 1 g or more ofDNJ per 

kg (w/w) of1eaf (Asano etα1.，2001; Kim et al.， 2003). A key question 1 had was how 

BmNPV can efficient1y replicate under this high concentration ofDNJ. 

α-Glucosidase plays a role in removing the terminal glucose residue of the N・

linked glycosylation process. The inhibition of α-glucosidase interrupts the maturation 

of glycoproteins on the envelope of enveloped viruses resulting in the reduction of viral 

particle assembly， suppression of virion secretion， and interference of the attachment of 

virions to host cells (Jacob etα1.， 2007; Pelletier etα1.， 2000). In chapter 3，α-
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glucosidase activity in A. yamαmai， an insect that commonly feeds on plants with 

relatively low DNJ levels， and B. mori were compared biochemically.α-Glucosidase 

inhibitory activities of A. yαmαmαi and B. mori homogenates were measured in 

comparison to DNJ， acarbose and voglibose which areα-glucosidase inhibitors as a 

drug for treating diabetes. As a result，α-glucosidases in B. mori were shown to be less 

sensitive to inhibition by a-glucosidase inhibitors. However， the reasons why α-

glucosidases of B. mori are less sensitive to DNJ are not clear. Hirayama et al (2007) 

also showed that sucrase and trehalase in the midgut of B. mori are less sensitive to DNJ 

in comparison to those in Samia cynthia ricini. In addition， other studies show that 

similar insensitivity of disacchridase to alkaloids was found in the Uran叫ん1gens，a 

specialist feeding on alkaloid-containing plant， Omphαlea diαndra (Kite el al.， 1997). 

In both studies， they did not show the reasons of the insensitivity. Although the 

reasons are still unclear， 1 hypothesize that the a-glucosidase of B. mori might have a 

different structure which does not efficiently bind DNJ. Therefore， B. mori can feed 

mulberry leaves and grow normally although mulberry leaf has high concentrations of 

DNJ. 

DNJ has been actively studied as an antiviral agent， because DNJ can inhibitα-

glucosidase 1 and II related with s戸lthesisof glycoproteins resulting in the interruption 

of the synthesis of viral envelope proteins (Chang et al.， 2009; Jacob etα1， 2007; 

Tanaka et al.， 2006; Whitby et al.， 2005). For example， the ICso of DNJ against 

BVDV and HBV is 150-300μM and 100-500μM， respectively (Mehta et al.， 2002). 

In this study， the inhibitory effect of DNJ onα-glucosidase activity was quantified in 

order to reveal how BmNPV efficiently produces progeny in silkworms in the presence 

of high concentrations of DNJ， a known antiviral. Bm5 and Sf9 cells have no 
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cytotoxic effects even when grown in medium containing 10 mM ofDNJ. The titer of 

BmNPV， however， was not affected by up to 10 mM  DNJ， while that of AcMNPV was 

reduced by 67% in medium containing 10 mM  DNJ. In addition，α-glucosidase 

activity in Bm5 cells was less sensitive to DNJ in comparison Sf9 cell extracts. These 

results suggested that B. mori might have less sensitive α-glucosidase 1 and/or α-

glucosidase II which are/is related with the formation and release of BV. Therefore， 

BmNPV can replicate under high concentration ofDNJ. 

During the late 1990s researchers started to study ways to control blood glucose 

levels using mulberry leaf extracts and silkworms. A key driver for this was a 

dramatic rl児ed伽u山削刷ct凶tio∞nin the scale 0ぱfs印悶sen町出ncu山1

f The key ingredient t白ha瓜twa部sr問es叩pon凶Slゐblefor reducing blood gluc∞ose levels in mul胎ber汀Yηy

and silkworm e位凶X剖t凶raω似Cはωt岱S1おsDNJ (Hwang et α叫lよ.， 20∞08). In addition， DNJ is produced by 
Bαcilli and Streptomyces (Ezure et al.， 1985; Hardick and Hutchinson.， 1993; Stein et 

al.， 1984; Watson and Nash， 2000). No report has been published about how DNJ is 

biosynthesized in mulberry leaves until now. Recently， our laboratory isolated 

Bacillus producing DNJ企omthe traditional Korean fermented food Chungkookjang 

(Kim et al.， 2011). In prokaryotic genetic elements， genes coding for related enz戸nes

紅eo武enclustered toge也erin operons (Madigan etα1.， 2000). So it is generally easier 

to find the genes related with biosynthesis of metabolite in prokaryotes. If the genes 

related with the biosynthesis of DNJ are found in Bαcillus， these genes can be used to 

trace genes associated with the biosynthesis of DNJ in silkworms and mulberry. Thus， 

1 focused on the identification of genes related DNJ biosynthesis in Bαcillus and 

subsequently used this information to search for genes related to DNJ synthesis in 

silkworm by various molecular methods. As a result， clones having 必glucosidases
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inhibitory activity were selected frorn a genornic DNA library which was constructed in 

E. coli. 1 identified several genes in this library including gabTl， yktcJ， and gutBl， 

genes that are predicted to encode putative transarninase， phosphatase， and 

oxidoreductase， respectively. For the biosynthetic route of DNJ， arnination and 

oxidation are described as essential reactions， but depholylation is not expected 

(Hardick and Hutchinson， 1993; Shibano etα1.， 2004). My studies are the first 

identification of genes that are related with DNJ biosynthesis in Bacillus. When a 

recornbinant plasrnid containing this operon sequence was transformed into an E. co/i 

strain， the resulting transformant was able to produce DNJ into the culture rnedium. 

Currently the characteristics of the enz戸neencoded by each gene are being investigated. 

The enz戸newill be used for enzyrnatic synthetic and biomimetic synthesis of DNJ and 

its derivatives. 

In conclusion， the present study exarnined the effects of the role of host factors 

that inf1uence baculovirus replication. The results obtained in rny study show that the 

hormonal and nutritional condition of hosts can affect the replication of baculovirus. 

In addition， 1 show that BrnNPV can efficiently replicate in silkworms regardless of the 

presence of high DNJ concen仕ationunlike AcMNPV and other animal viruses. This 

occurs because α-glucosidase， an enz戸田 associated with biosynthesis of virus 

envelope in silkworm is less sensitive to the inhibitory activity of DNJ in comparison to 

α-glucosidase activity in other lepidopterans and animals. 1 found three genes 

involved in DNJ biosynthetic pathway of B. subtilis， which will be useful for 

investigating the corresponding pathway in silkworm and/or rnulberry. My findings 

show that virus survival is in仕icatelydependent upon host and/or environmental 

condition. 
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