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Glutathione-Binding Site of a Bombyx mori Theta-Class
Glutathione Transferase
M D. Tofazzal Hossain, Naotaka Yamada, Kohji Yamamoto*
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Abstract

The glutathione transferase (GST) superfamily plays key roles in the detoxification of various xenobiotics. Here, we report
the isolation and characterization of a silkworm protein belonging to a previously reported theta-class GST family. The
enzyme (bmGSTT) catalyzes the reaction of glutathione with 1-chloro-2,4-dinitrobenzene, 1,2-epoxy-3-(4-nitrophenoxy)-
propane, and 4-nitrophenethyl bromide. Mutagenesis of highly conserved residues in the catalytic site revealed that Glu66
and Ser67 are important for enzymatic function. These results provide insights into the catalysis of glutathione conjugation
in silkworm by bmGSTT and into the metabolism of exogenous chemical agents.
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Introduction

Glutathione (GSH) conjugation is essential for the detoxification

of xenobiotics [1,2]. Several studies have also implicated

conjugation reactions with endogenous compounds, such as a,b-
unsaturated aldehydes and prostaglandin [2–4], resulting in the

excretion of at least one water-soluble compound. GSH transfer-

ases (GSTs, EC 2.5.1.18) are responsible for catalysis of this

conjugation and are distributed ubiquitously among aerobic

organisms [5]. GSTs are cytosolic enzymes, widely distributed

across both prokaryotic and eukaryotic kingdoms [6]. In

mammals, there are seven GST classes (alpha, mu, pi, omega,

sigma, theta, and zeta) that can be distinguished based on their

primary amino acid sequence; identity is approximately 50%

within a class and less that 30% between different classes [7,8]. Six

GST classes (delta, epsilon, omega, sigma, theta, and zeta) have

been identified in dipteran insects, such as Anopheles gambiae [9] and
Drosophila melanogaster [10,11]. Insect GSTs can determine sensi-

tivity to insecticides [9,12], and since the Lepidoptera are the

principal insect pests in agriculture, knowledge of lepidopteran

GSTs is of great importance. We have previously characterized

several GSTs in the silkworm, Bombyx mori, a lepidopteran model

insect [13–19], and a sigma-class GST in the fall webworm,

Hyphantria cunea, one of the most serious lepidopteran pests of

broad-leaved trees [16]. However, there have been no reports to

date on the characterization of theta-class GSTs from silkworms.

Here, we report the identification and classification of a theta-

class GST isolated from B. mori, which we named bmGSTT.

While bmGSTT shares some common substrates with human

theta-class GSTs (hGSTT), it has a distinct substrate profile when

compared to other B. mori GSTs studied to date. Furthermore,

bmGSTT does not participate in the response to agents that

generate oxidative stress, in contrast to previously identified B. mori
GSTs. The activity profile of bmGSTT sheds further light on the

way in which insects deal with xenobiotic agents and contributes to

a more detailed understanding of the GST system in general.

Materials and Methods

Insects and tissue dissection
Larvae of the silkworm, B. mori, were reared on mulberry leaves

in the Institute of Genetic Resources, Kyushu University Graduate

School (Fukuoka, Japan). At day -1 fifth instar larvae, fat bodies

were dissected from the larvae on ice and stored at 280uC until

use. Total RNA was extracted rapidly from the dissected fat bodies

with the RNeasy Plus Mini Kit (Qiagen Inc., Valencia, CA), in

accordance with the manufacturer’s instructions, and the resultant

RNAs were subjected to RT-PCR.

Cloning and sequencing of cDNA encoding bmGSTT
Total RNA was processed using RT-PCR. First-strand cDNA

was produced using SuperScript II Reverse Transcriptase (Life

Technologies, Carlsbad, CA) and an oligo-dT primer. The

resulting cDNA was used as a PCR template with the oligonu-

cleotide primers 59-TATACCATGGTTTTAAAACTATATTA-

TGAT-39 (sense) and 59-CCGGATCCTTAAAGTTTAGAAT-

TAGCCGCA-39 (antisense), based on a sequence obtained from

the SilkBase EST database [20]. Underlined and double-

underlined regions in the primer sequences represent NcoI and

BamHI restriction enzyme sites, respectively, which were used to

insert the PCR product into an expression plasmid. PCR was

performed with 1 cycle at 94uC for 2 min; then 35 cycles at 94uC
for 1 min, 50uC for 1 min, and 72uC for 2 min; followed by 1

cycle at 72uC for 10 min. The resulting bmGSTT cDNA (bmgstt)

was ligated into the pGEM-T Easy Vector (Promega, Madison,

WI), which was then used to transform E. coli DH5a cells. Genetyx

software (ver. 14.0.12, Genetyx Corp., Tokyo, Japan) was used to

PLOS ONE | www.plosone.org 1 May 2014 | Volume 9 | Issue 5 | e97740
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a b s t r a c t

Glutathione transferases (GSTs) are a major class of detoxification enzymes that play a central role in the
defense against environmental toxicants and oxidative stress. Here, we studied the crystal structure of a
delta-class glutathione transferase from Nilaparvata lugens, nlGSTD, to gain insights into its catalytic
mechanism. The structure of nlGSTD in complex with glutathione, determined at a resolution of 1.7 Å,
revealed that it exists as a dimer and its secondary and tertiary structures are similar to those of other
delta-class GSTs. Analysis of a complex between nlGSTD and glutathione showed that the bound
glutathione was localized to the glutathione-binding site. Site-directed mutagenesis of nlGSTD mutants
indicated that amino acid residues Ser11, His52, Glu66, and Phe119 contribute to catalytic activity.

� 2014 Elsevier Inc. All rights reserved.

Introduction

Glutathione transferases (GSTs,1 EC 2.5.1.18) are a class of ubiq-
uitously expressed enzymes that are responsible for the intracellular
detoxification of diverse xenobiotics and endogenous substances.
GSTs function by conjugating the toxicant to reduced glutathione
(GSH) [1,2]. Multiple classes of mammalian GSTs, including the
alpha, mu, pi, omega, sigma, theta, and zeta classes, have been
defined on the basis of differences in their amino acid sequences
[3]. The delta, epsilon, omega, sigma, theta, and zeta classes are pres-
ent in dipteran insects such as Anopheles gambiae and Drosophila
melanogaster [4].
The brown planthopper Nilaparvata lugens is a notorious rice-

crop pest in Asian countries. N. lugens causes severe damage to
plants through direct crop consumption and by transmission of
viruses such as rice ragged stunt virus [5] and rice grassy stunt
virus [6], resulting in high economic losses. Currently, the only
effective method for pest-control is the application of chemical
insecticides. Insect GSTs are of particular importance because they
play an essential role in mediating the detoxification of xenobiotics
such as insecticides. Other GST classes that are induced in response
to insecticide application also play an important role in adapted

resistance against the insecticide by increasing insecticide metab-
olism. Studying the structural and functional properties of GST
from brown planthopper will help elucidate the mechanism that
underlies the detoxifying ability of the brown planthopper, and
aid in the identification of vital GSTs of other hemipteran insects.
In this study, we sequenced an mRNA encoding a delta-class

GST from N. lugens (nlGSTD). To understand the molecular basis
for substrate recognition and catalysis, we determined the
three-dimensional crystal structure of recombinant nlGSTD and
elucidated the structure–function relationship involved in its cata-
lytic action. Comprehensive research of N. lugens GSTs might aid
the development of novel pesticides that may be used to regulate
agricultural pests.

Materials and methods

Insects and RNA extraction

N. lugens (strain:Izumo) was reared and maintained by the
National Institute of Agrobiological Sciences. Total RNA was
isolated from adult insects using an SV Total RNA Purification kit
(Promega, Madison, WI) following the manufacturer’s instructions.

Cloning and sequencing of the cDNA encoding nlGSTD

We used an N. lugens cDNA expressed sequence tag (EST) data-
base [7] to identify candidate GST genes. Primer designs for reverse

http://dx.doi.org/10.1016/j.abb.2014.12.001
0003-9861/� 2014 Elsevier Inc. All rights reserved.

⇑ Corresponding author.
E-mail address: yamamok@agr.kyushu-u.ac.jp (K. Yamamoto).

1 Abbreviations used: GSH, glutathione; GST, glutathione transferase; GSTD, delta-
class GST; SDS–PAGE, sodium dodecyl sulfate–polyacrylamide gel electrophoresis.

Archives of Biochemistry and Biophysics 566 (2015) 36–42

Contents lists available at ScienceDirect
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Glutathione transferases (GSTs) are major detoxi-
fication enzymes that play central roles in the
defense against various environmental toxicants as
well as oxidative stress. Here, we identify amino acid
residues of an unclassified GST from Bombyx mori,
bmGSTu-interacting glutathione (GSH). Site-direc-
ted mutagenesis of bmGSTu mutants indicated that
amino acid residues Asp103, Ser162, and Ser166
contribute to catalytic activity.

Key words: glutathione; glutathione transferase;
Lepidoptera; site-directed mutagenesis

Glutathione transferases (GSTs, EC 2.5.1.18) are
ubiquitously expressed and are responsible for the
intracellular detoxification of diverse xenobiotics and
endogenous substances by conjugation to reduced glu-
tathione (GSH).1,2) Insect GSTs are particularly interest-
ing because of their role in insecticide metabolism. In
Lepidoptera, delta, omega, sigma, and zeta classes of
GSTs, as well as unclassified GSTs, have been charac-
terized for the silkworm Bombyx mori.3–8) Recently, the
three-dimensional structures of B. mori delta-class
(bmGSTD), sigma-class (bmGSTS), omega-class
(bmGSTO), and unclassified (bmGSTu) GSTs were
determined.9–12)

We found that the mRNA encoding a bmGSTu is
induced in a silkworm strain resistant to diazinon after
exposure to the insecticide, suggesting that bmGSTu
may play a role in insecticide resistance in B. mori. In
a previous study, we determined the X-ray crystal
structure of bmGSTu (PDB ID: 3AY8).9) Thus, in the
current study, in order to improve our understanding of
the molecular basis for catalysis by the enzyme, we
examined the structure and catalytic function of the
enzyme. Because the silkworm provides a model for
studying lepidopterans,13,14) comprehensive research on
silkworm, GSTs should provide insights into combat-
ting the species considered agricultural pests.

Recombinant bmGSTu was overexpressed and puri-
fied according to the published methods.8) Amino acid-
substitution mutants of bmGSTu were constructed

using a plasmid containing the coding sequences of
wild-type bmGSTu and a QuikChange Site-Directed
Mutagenesis Kit (Agilent Technologies, Santa Clara,
CA, USA), according to the manufacturer’s recommen-
dations. The nucleotide sequence of the full-length
mutant cDNA was determined by DNA sequencing.
The hydrogen-bonding network may be essential for

the GSH ionization step of the catalytic mechanism.15)

The active sites of insect GSTs, including the network,
have been well characterized in Anopheles dirus GST
D3-3 (adGSTD3-3).16) The configuration of the glutam-
yl α-carboxylate group of GSH, together with the
G-site residues Ser65, Arg66, Asp100, Thr158, and
Thr162 of adGSTD3-3, facilitate the formation of a
hydrogen-bonding network for distribution of the
charge, which can be in the form of either a proton or
an electron. Electrostatic interactions between the GSH
glutamyl and carboxylic Glu64, as well as with Arg66
and Asp100, were found to extend to the hydrogen-
bonding motif identified previously. This network
appears to be a functionally conserved motif and it can
be divided into types I and II.15) The type I hydrogen-
bonding networks, exemplified by delta, theta, omega,
and tau classes of GSTs, contain an acidic amino acid
residue at position 64, whereas the type II networks
(alpha, mu, pi, and sigma classes of GSTs) have a polar
amino acid residue (glutamine) capable of interacting
with the γ-glutamyl portion of GSH. A DALI
search (http://ekhidna.biocenter.helsinki.fi/dali_server/)
was performed to obtain the root mean square (RMS)
deviation of 1.6 Å between structures of adGSTD3-3
(PDB ID: 1JLV) and bmGSTu (PDB ID: 3AY8). The
equivalent residue (Glu67) is conserved in the sequence
of bmGSTu, which resembles a member of the type I
network. A hydrogen-bonding network for a type I
GST (adGSTD3-3) has been previously described.15)

The network type I contains Glu64, Ser65, Arg66,
Asp100, Thr158, and Thr162 in adGSTD3-3 (PDB ID:
1JLV16)); these residues were superposed with Glu67,
Ser68, Arg69, Asp103, Ser162, and Ser166 in bmGSTu
(Fig. 1).
Among the five residues, we characterized Glu67,

Ser68, and Arg69 by site-directed mutagenesis in our

*Corresponding author. Email: yamamok@agr.kyushu-u.ac.jp
Abbreviations: GSH, glutathione; GST, glutathione transferase; GSTu, unclassified GST; SDS–PAGE, sodium dodecyl sulfate–polyacrylamide gel
electrophoresis.

Bioscience, Biotechnology, and Biochemistry, 2015

© 2015 Japan Society for Bioscience, Biotechnology, and Agrochemistry
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fication enzymes that play central roles in the
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bmGSTu-interacting glutathione (GSH). Site-direc-
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ubiquitously expressed and are responsible for the
intracellular detoxification of diverse xenobiotics and
endogenous substances by conjugation to reduced glu-
tathione (GSH).1,2) Insect GSTs are particularly interest-
ing because of their role in insecticide metabolism. In
Lepidoptera, delta, omega, sigma, and zeta classes of
GSTs, as well as unclassified GSTs, have been charac-
terized for the silkworm Bombyx mori.3–8) Recently, the
three-dimensional structures of B. mori delta-class
(bmGSTD), sigma-class (bmGSTS), omega-class
(bmGSTO), and unclassified (bmGSTu) GSTs were
determined.9–12)

We found that the mRNA encoding a bmGSTu is
induced in a silkworm strain resistant to diazinon after
exposure to the insecticide, suggesting that bmGSTu
may play a role in insecticide resistance in B. mori. In
a previous study, we determined the X-ray crystal
structure of bmGSTu (PDB ID: 3AY8).9) Thus, in the
current study, in order to improve our understanding of
the molecular basis for catalysis by the enzyme, we
examined the structure and catalytic function of the
enzyme. Because the silkworm provides a model for
studying lepidopterans,13,14) comprehensive research on
silkworm, GSTs should provide insights into combat-
ting the species considered agricultural pests.

Recombinant bmGSTu was overexpressed and puri-
fied according to the published methods.8) Amino acid-
substitution mutants of bmGSTu were constructed

using a plasmid containing the coding sequences of
wild-type bmGSTu and a QuikChange Site-Directed
Mutagenesis Kit (Agilent Technologies, Santa Clara,
CA, USA), according to the manufacturer’s recommen-
dations. The nucleotide sequence of the full-length
mutant cDNA was determined by DNA sequencing.
The hydrogen-bonding network may be essential for

the GSH ionization step of the catalytic mechanism.15)

The active sites of insect GSTs, including the network,
have been well characterized in Anopheles dirus GST
D3-3 (adGSTD3-3).16) The configuration of the glutam-
yl α-carboxylate group of GSH, together with the
G-site residues Ser65, Arg66, Asp100, Thr158, and
Thr162 of adGSTD3-3, facilitate the formation of a
hydrogen-bonding network for distribution of the
charge, which can be in the form of either a proton or
an electron. Electrostatic interactions between the GSH
glutamyl and carboxylic Glu64, as well as with Arg66
and Asp100, were found to extend to the hydrogen-
bonding motif identified previously. This network
appears to be a functionally conserved motif and it can
be divided into types I and II.15) The type I hydrogen-
bonding networks, exemplified by delta, theta, omega,
and tau classes of GSTs, contain an acidic amino acid
residue at position 64, whereas the type II networks
(alpha, mu, pi, and sigma classes of GSTs) have a polar
amino acid residue (glutamine) capable of interacting
with the γ-glutamyl portion of GSH. A DALI
search (http://ekhidna.biocenter.helsinki.fi/dali_server/)
was performed to obtain the root mean square (RMS)
deviation of 1.6 Å between structures of adGSTD3-3
(PDB ID: 1JLV) and bmGSTu (PDB ID: 3AY8). The
equivalent residue (Glu67) is conserved in the sequence
of bmGSTu, which resembles a member of the type I
network. A hydrogen-bonding network for a type I
GST (adGSTD3-3) has been previously described.15)

The network type I contains Glu64, Ser65, Arg66,
Asp100, Thr158, and Thr162 in adGSTD3-3 (PDB ID:
1JLV16)); these residues were superposed with Glu67,
Ser68, Arg69, Asp103, Ser162, and Ser166 in bmGSTu
(Fig. 1).
Among the five residues, we characterized Glu67,

Ser68, and Arg69 by site-directed mutagenesis in our

*Corresponding author. Email: yamamok@agr.kyushu-u.ac.jp
Abbreviations: GSH, glutathione; GST, glutathione transferase; GSTu, unclassified GST; SDS–PAGE, sodium dodecyl sulfate–polyacrylamide gel
electrophoresis.
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a b s t r a c t

An NAD+-dependent l-tryptophan dehydrogenase from Nostoc punctiforme NIES-2108 (NpTrpDH) was
cloned and overexpressed in Escherichia coli. The recombinant NpTrpDH with a C-terminal His6-tag was
purified to homogeneity using a Ni-NTA agarose column, and was found to be a homodimer with a
molecularmass of 76.1 kDa. The enzyme requiredNAD+ andNADHas cofactors for oxidative deamination
and reductive amination, respectively, but not NADP+ or NADPH. l-Trp was the preferred substrate for
deamination, though l-Phe was deaminated at a much lower rate. The enzyme exclusively aminated 3-
indolepyruvate; phenylpyruvate was inert. The pH optima for the deamination of l-Trp and amination of
3-indolpyruvate were 11.0 and 7.5, respectively. For deamination of l-Trp, maximum enzymatic activity
was observed at 45 ◦C. NpTrpDH retained more than 80% of its activity after incubation for 30min at pHs
ranging from5.0 to11.5or incubation for10minat temperaturesup to40 ◦C.Unlike l-Trpdehydrogenases
fromhigher plants, NpTrpDH activitywas not activated bymetal ions. TypicalMichaelis–Menten kinetics
were observed for NAD+ and l-Trp for oxidative deamination, but with reductive amination there was
marked substrate inhibition by 3-indolepyruvate. NMR analysis of the hydrogen transfer from the C4
position of the nicotinamidemoiety of NADH showed that NpTrpDHhas a pro-S (B-type) stereospecificity
similar to the Glu/Leu/Phe/Val dehydrogenase family.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Amino acid dehydrogenases (EC 1.4.1.X) catalyze the reversible
NAD(P)+-dependent oxidative deamination of amino acids to their
corresponding 2-oxoacids and ammonia [1–3]. More than fifteen
kinds of amino acid dehydrogenases, including those acting on l-
Glu, l-Ala, l-Ser, l-Val, l-Leu, l-Gly, l-Lys, l-Phe and l-Asp, have

Abbreviations: TrpDH, l-Trp dehydrogenase; NpTrpDH, NAD+-dependent l-
tryptophan dehydrogenase from Nostoc punctiforme NIES-2108.
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been identified in various organisms [1,4,5], and detailed analy-
ses of the structures and functions of l-Glu dehydrogenase [5],
l-Leu dehydrogenase [6,7] and l-Phe dehydrogenase [8] have been
reported. In addition, several amino acid dehydrogenases have
been applied for use in biosensors for l-amino acid, 2-oxoacid and
ammonia assays [1,9], disease diagnosis [10,11], and amino acids
synthesis [9,12].

As compared to other amino acid dehydrogenases, l-Trp dehy-
drogenase (EC 1.4.1.19, TrpDH), which catalyzes the reversible
oxidative deamination of l-Trp to 3-indolepyruvate in the pres-
ence of NAD(P)+, has not been extensively investigated from the
viewpoint of it biochemical or biotechnological potential due
in large part to its extremely limited distribution. The enzyme
was first identified in several higher plants (e.g., Pisum sativum,
Spinacia oleracea and Zea mays, etc.) in the mid 1980s [13], and
was partially characterized at that time [14–17]. There was then
no further investigation of the enzyme until the product of the
Npun R1275 gene (npun r1275) from the cyanobacterium Nostoc
punctiforme ATCC 29133 was found to exhibit NAD+-dependent
oxidative deamination activity toward l-Trp [18]. This was the first
microbial TrpDH known, and its gene (npun r1275) was located

http://dx.doi.org/10.1016/j.enzmictec.2014.04.002
0141-0229/© 2014 Elsevier Inc. All rights reserved.
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Abstract D-isoleucine (D-Ile) can be assayed using

chiral chromatography but the availability of that

method is limited by the necessity for special expertise

and expensive equipment. We therefore developed a

simple and specific colorimetric assay system for D-Ile

determination using an artificially created NADP?-

dependent D-amino acid dehydrogenase (DAADH).

The system consists of two reaction steps: the first is

the quantitative conversion of D-Ile to (3R)-2-oxo-3-

methyl valerate by DAADH in which NADP? is

converted to NADPH, while the second is chemical

conversion of NADPH to reduced water-soluble

Tetrazolium-3 via a redox mediator. D-Ile was deter-

mined from 1 to 50 lM, and the assay was unaffected

by the presence of any of three other isomers

(100 lM), alcohol and organic acids.

Keywords D-Amino acid � D-Amino acid

dehydrogenase � Endpoint assay � D-Isoleucine �
Spectrophotometric assay � Water-soluble

Tetrazolium-3
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Abstract D-Branched-chain amino acids (D-BCAAs) such as

D-leucine, D-isoleucine, and D-valine are known to be peptide
antibiotic intermediates and to exhibit a variety of bioacti-
vities. Consequently, much effort is going into achieving
simple stereospecific synthesis of D-BCAAs, especially ana-
logs labeled with stable isotopes. Up to now, however, no
effective method has been reported. Here, we report the es-
tablishment of an efficient system for enantioselective synthe-
sis of D-BCAAs and production of D-BCAAs labeled with
stable isotopes. This system is based on two thermostable
enzymes: D-amino acid dehydrogenase, catalyzing NADPH-
dependent enantioselective amination of 2-oxo acids to pro-
duce the corresponding D-amino acids, and glucose dehydro-
genase, catalyzing NADPH regeneration from NADP+ and

D-glucose. After incubation with the enzymes for 2 h at 65°C
and pH 10.5, 2-oxo-4-methylvaleric acid was converted to

D-leucine with an excellent yield (>99 %) and optical purity
(>99 %). Using this system, we produced five different

D-BCAAs labeled with stable isotopes: D-[1-13C,15N]leucine,

D-[1-13C]leucine, D-[15N]leucine, D-[15N]isoleucine, and

D-[15N]valine. The structure of each labeled D-amino acid
was confirmed using time-of-flight mass spectrometry and
nuclear magnetic resonance analysis. These analyses con-
firmed that the developed system was highly useful for pro-
duction of D-BCAAs labeled with stable isotopes, making this
the first reported enzymatic production of D-BCAAs labeled
with stable isotopes. Our findings facilitate tracer studies
investigating D-BCAAs and their derivatives.

Keywords D-Branched-chain amino acid synthesis . D-Amino
acid dehydrogenase . Stable isotope . D-[13C,15N]amino acid .

NADPH regeneration

Introduction

It is now known that many organisms contain D-amino acids in
either free or conjugated forms (Friedman 2010; Friedman and
Levin 2012; Martínez-Rodríguez et al. 2010). And although
their physiological functions are still largely unknown, their
involvements in several specific bioactivities and cell functions
have been reported in recent years. For example, it was recent-
ly reported that accumulation of D-serine is involved in mam-
malian brain function (Nishikawa 2011), and that
incorporation of D-amino acids into proteins is associated with
some human diseases (Katane and Homma 2011). In addition,
notable bioactivity has been reported for D-branched-chain
amino acids (D-BCAAs). For example, D-isoleucine appears
to be involved in promoting growth of the matsutake mush-
room (Tricholoma matsutake) (Kawagishi et al. 2004), while

D-leucine triggers biofilm disassembly in Bacillus subtilis
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VI.  
 

INSTITUTE OF GENETIC RESOURCES 
 
The institute of Genetic Resources had been established in May, 1987, and  
was then reorganized in April, 1997, within the Faculty of Agriculture,  
Kyushu University. The Institute is devoted to basic and applied studies on  
genetics with special interest in the stock maintenance of agriculturally  
important organisms. Silkworm, rice and fermentative microorganisms are  
chosen as the main materials from the viewpoint that their scientific  
researches have been carried out and developed chiefly in Japan. Emphasis  
has also been placed on studies at molecular level to contribute to the  
development of biotechnology and to establish gene libraries of these  
biological resources. 
  
Silkworm Genetics Division 
 BANNO, Yutaka Ph.D. Associate Professor 
 YAMAMOTO, Koji Ph.D. Assistant Professor 
 
a)  Linkage analysis of silkworm 
b)  Mutagenesis and teratogenesis in silkworm 
c)  Analysis of gene expression 
d)  Maintenance of the mutant stocks 
e)  Construction of a genetic linkage map of silkworm genome 
f)  Cytological studies of the deficient and translocated chromosomes 
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Plant Genetic Division 
 KUMAMARU, Toshihiro Ph. D. Associate Professor 
 
a) Resolution of the mechanism controlling the transport and the accumulation of the seed 

storage proteins in rice.  
b) Construction of the rice mutation pool. 
c) Conservation and evaluation of rice genetic resources. 
  
 
Microbial Genetics Division 
 DOI, Katsumi Ph.D. Associate Professor 
 
a) Survey, development and preservation of microbial genetic resources  
b) Genetics and breeding of industrial bacteria: Streptomyces, Lactobacillus,  
   Bacillus, Thermus, etc 
c) Functional analysis and application of novel and useful genes found in industrial 

bacteria  
d) Isolation and characterization of bacterial and archeal viruses 
e) Investigation of biomineralization in geothermal environment
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