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　The National Institute of Agrobiological Sciences (NIAS), which is the largest agricultural 
research institute of basic life science in Japan, was established on 1 April 2001 as an independent 
administrative institution of the Ministry of Agriculture, Forestry, and Fisheries to be the center 
for basic studies to develop innovative agricultural biotechnologies and new bioindustries. Main 
research subjects of NIAS include genome research of plants, insects and animals, development 
of novel functional crops by gene-recombination technologies, functional analysis of genes for 
contribution to breeding applications, and development of new foundational materials for the 
creation of novel bioindustries. In 2004, the Institute had achieved the ultimate goal of decoding the 
entire rice genome sequence as a leading country of the 10 counties and regions that had organized 
the International Rice Genome Sequencing Project. The Institute also has decoded the silkworm 
genome sequence and developed technologies for the recombination of genes in crops, insects 
(silkworm), and animals.
　The Second Five-year Plan started on 1 April 2006 and the Institute has been advancing the 
technologies developed in the First Five-year Plan. In the Second Five-year Plan, the Institute  
focuses on: (1) improvement, diversity and utility of agrobiological resources - we utilize resources 
that we have built up in the course of research on the genes of rice, silkworms, and pigs and we 
have secured other genetic resources; (2) research on, and development of, innovative agricultural 
technologies using biological and genome information – we study organisms with a view to their 
ability to adapt to their environments, differentiate, and interact with other organisms; and (3) 
research and development aimed at creating new biotechnology-based industries – we develop 
biotechnologies to produce useful materials such as silk-based products that can be used in 
everyday items and in medical practice.
　There is an urgent need to develop technologies in these three subject areas, because each of 
them is important and is expected to contribute greatly to society. The Institute will make further 
efforts to maximize the benefits of biotechnology.
　Advanced biotechnologies are indispensable in helping to solve problems in the areas of global 
food supply, the environment, and medicine. Genetically modified (GM) crops such as maize, soybean, 
rape seed and so on, have been adopted and grown in 23 countries (114.3 million ha) in 2007. The 
reason for this rapid spread is their capacity for high-yield potential. Also, due consideration 
has been given to securing safety in both the research and development of gene-recombination 
technology and its application; consequently, few concerns have arisen in regard to its influence on 
the environment and the safety of its use in food production. 
　As the cultivated area of GM crops has increased sharply year after year, the public acceptance 
of GM crops in foods for humans and in animal feeds is increasing in many foreign countries. 

Teruo Ishige, President
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However, in Japan, GM crops developed using these new technologies are not yet practicable, 
because of insufficient public understanding and acceptance. 
　The Institute has facilitated research on developing crops with high yields, crops with efficient 
biomass production, crops with ability to grow under harsh conditions, and crops with potential to 
help prevent diseases and keep people healthy. We have already isolated several useful genes and 
obtained intellectual property rights for their use. GM crops that can grow in adverse environments 
or that promote human health and facilitate prevention of common diseases have been developed. 
Novel basic technologies such as gene targeting and RNA interference techniques have been 
developed.
　We are facing problems associated with food shortages in the 21st century combined with 
ballooning grain prices as well as problems associated with the environment.  
　Biotechnologies have great potential to address these problems and there is fierce global 
competition to lead in these fields. Gene-recombination technology and genome analysis are 
spreading widely because they provide opportunities to make use of scientific discoveries in many 
areas of biology. We believe that biotechnology research will contribute to the well-being of the 
human race. Thus, there is a need for the public to gain an understanding of the importance of the 
wise use of biotechnology for the future good of humankind. The Institute is willing and ready to 
lead in public education. 
　At the midpoint of the Second Five-year Plan, all the staff at NIAS are determined to make a 
concerted effort to produce additional significant discoveries and results. We thank all of those 
involved for their cooperation, and we look forward to your continued support, understanding, and 
collaboration.



　NIAS aims to create new industries that will dramatically increase agricultural productivity, 
create new demands for agricultural products, and open up new possibilities in the agricultural, 
forestry, and fisheries industries. Under the First Five-year Plan, we succeeded in obtaining world-
leading results, such as the sequencing of the entire rice genome, the sequencing of the outline of 
the silkworm genome, the advancement of gene-recombination technology, and the production of 
genetically engineered pigs.
　During the five years beginning in 2006, the Institute aims to make a leap forward in both basic 
and pioneering research and technological development, mainly in the field of biotechnology. To 
this end, we are establishing four research centers that will place emphases on basis research, plant 
science, animal science, and entomological science.

　　(1) Enhancement and utilization of rice germplasm potential based on genomics approaches
　　(2) Development and utilization of genome resources from Oryza and Gramineae crops
　　(3) Development of insect genomic resources and its application
　　(4) Development and utilization of swine genome resource
　　(5) Establishment of a bioinformatics research basis for comparative analysis between species
　　(6) Collection, evaluation, multiplication, preservation and distribution of genetic resources
　　(7) Development of mutant lines and varieties with new agronomically useful characteristics by
　　 　radiation breeding

　1) Research on environmental adaptation mechanisms in rice and their application
　　(1) Research on environmental stress mechanisms in rice and their application
　　(2) Research on responses to environmental light signals in rice and their application
　　(3) Research on disease resistance mechanisms in rice and their application
　2) Analysis of adaptation mechanism to environmental condition in insect and
　 　development of insect control technique
　　(1) Search and analysis of invertebrate gene function for development of pesticides
　　(2) Elucidation of desiccation tolerance mechanism in insects and its application
　　(3) Analysis of insect defense mechanism and its application
　3) Reproductive and neurobiological research in the livestock
　　(1) Research of reproductive biology for gamete, placenta and stem cell
　　(2) Neurobiological research in the control mechanism of instinctive behavior and endocrine
　　 　system
　4) Research on the interactions between living organisms and development of their
　 　regulation techniques 
　　(1) Research on the plant-microbe interactions
　　(2) Analysis of insect-insect and insect-plant interactions and its application
　　(3) Functional analyses of insect-microbe interaction and their application
　5) Research on protein structures and functions by structural and analytical biology
　　(1) Research on protein structures and functions by X-ray crystallography, NMR and MS
　　 　spectroscopy

　1) Biotechnologies for production of safe and valuable products
　　(1) Development of transgenic technology for ensuring agricultural and environmental safety
　　 　and for producing valuable products
　　(2) Development of health-promoting transgenic crops through research on high accumulation
　　 　system of valuable products
　　(3) Development of technology for the production of useful materials using transgenic insect
　　(4) Development of transgenic animal models for protein production and medical application
　2) Development of materials for life and medical use by silk-technology
　　(1) Development of medical materials by use of silk proteins
　　(2) Development of the various silk materials for lives utilizing new silk functions

Summary of the Second Five-year Plan

Reserchers	 	 	 264	
Administrative	staff	 	 124
Total	number	of	employees	 388

Reemployment	staff　　　　　　	　　7

Contract	workers	(Part	time)
　　　　　496
　including	97	post-doc	researchers

C　Research for creation of new bio-industries by biotechnology

A　Development, refinement and utilization of agro-bioresources

B　Research and development of innovative agricultural production
　　technology based on genomics and physiology

Staff      Number of Employees (As of March 2008)
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　The study of rice productivity is vital to 
ensuring adequate food for all. Rice yield—the 
total amount of grain harvested—is broadly 
divided into two components: sink size (panicle 
architecture or grain size) and source potential 
(efficiency of photosynthesis). The balance 
between these two components makes yield 
one of the most complex traits. The panicle 
consists of spikelets and rachillae, which are 
composed of peduncles and primary, secondary, 
and tertiary branches. In general, elite indica 
rice cultivars with high yield tend to have more 
spikelets than japonica cultivars, but this is 
because they also have longer panicles, longer 
branches, and more primary and secondary 
branches. In other words, optimization of the 
balance of panicle components is also necessary 
for increasing spikelet numbers, which is the 
most direct way to increase yield.
　To unders tand  the  gene t i c  bas i s  o f 
complicated quantitative trait, such as yield-
related traits of rice, chromosome segment 
substitution lines (CSSLs) become a powerful 
tool for an initial approach. CSSL is a series 
of experimental lines in which a particular 
chromosomal segment from a donor line is 
substituted into the genetic background of the 
recurrent line. The substituted segments cover 
all chromosomes in a whole set of lines. We 
developed CSSLs consisting of 39 lines from 
a cross between an average-yielding japonica 
cultivar, Sasanishiki, as the recurrent parent 

and a high-yielding indica cultivar, Habataki, as 
the donor (Fig. 1). 
　By using these plant materials, we mapped 
quantitative trait loci (QTLs) controlling 
morpho l og i ca l  c omponen t s  o f  pan i c l e 
architecture. Five morphological components of 
panicle architecture—number of spikelets per 
panicle (SN), number of primary branches per 
panicle (PBN), average number of secondary 
branches per primary branch (SBN), panicle 
length (PL), and primary branch average length 
(PBL)—in the CSSLs were evaluated in 2 years, 
and 38 QTLs distributed on 11 chromosomes 
were detected (Fig. 1). Considerable QTLs were 
distributed throughout the genome and the 
eff ect of each QTL was not so large compared 
with phenotypic difference between both 
parents.
　To confirm effect of the QTL detected in 
the CSSL, we developed near-isogenic lines 
(NILs) for two of the major QTLs for secondary 
branch number on chromosome 1 (qSBN1) and 
primary branch number on chromosome 6 
(qPBN6) by marker-assisted selection (Fig. 2), 
and we analysed the independent and combined 
phenotypic eff ects of those QTLs by pyramiding 
in the Sasanishiki genetic background (Fig. 
3). NIL(PBN6) and NIL(SBN1+PBN6) exhibited 
larger PBNs than that of Sasanishiki. Similarly, 
NIL(SBN1) and NIL(SBN1+PBN6) exhibited 
larger SBNs than that of Sasanishiki. On the 
other hand, all three lines produced more 

Toshio YAMAMOTO, Tsuyu ANDO*, Masahiro YANO
QTL Genomics Research Center, *STAFF Institute
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Genetic dissection and pyramiding of quantitative traits 
for panicle architecture by using chromosomal segment 
substitution lines in rice
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spikelets than Sasanishiki, and NIL(SBN1+PBN6) 
produced more spikelets than the other two 
NILs. These results clearly validate that qSBN1 
and qPBN6 contributed independently to sink 
size and that the combined line produced more 

spikelets. This suggests that the cumulative 
effects of QTLs distributed throughout the 
genome form the major genetic basis of panicle 
architecture in rice.

Fig. 1  Chromosomal locations of QTLs for panicle architecture
QTLs detected in 2004 and 2005 are labeled in the lower left and upper right corners, respectively. 
SN: spikelet number per panicle; PBN: primary branch number per panicle; SBN: secondary branch 
number per panicle; PL: panicle length; PBL: primary branch length. Black letters on white box 
indicate traits increased by Habataki allele, and white letters on shaded box indicate traits reduced 
by Habataki allele. Boxes enclosed with red color indicate the QTLs detected in both years.

Fig. 2 Graphical genotypes and panicle appearances of 
Sasanishiki and QTL-NILs developed in the pyramiding 
experiment
The lengths of the substituted regions were 3.35 Mb in 
NIL(SBN1) and 390 kb in NIL(PBN6).  Length of ruler in the 
picture is 15 cm.

Fig. 3 Phenotypic performances of the 
QTL-NILs
Bars fol lowed by di f ferent let ters 
are significantly different by multiple 
comparison (Tukey’s test). 
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　A rice seed-based expression system offers 
significant benefits of achieving low-cost 
production and simple administration of oral 
vaccines. Here, we developed transgenic rice 
plants expressing cholera toxin B subunit (CTB), 
a safe and effective mucosal vaccine against 
cholera. A DNA coding for CTB was placed 
under the control of the promoter of rice seed 
storage protein glutelin, and a "KDEL" ER 
retention signal was attached to the C-terminus 
of CTB to increase accumulation levels (Fig. 
1) . In transformed rice plants, CTB was 
expressed and stored in the endosperm at a 
level of approximately 30 µg per seed. We next 
examined the feasibility of transgenic rice seed 
accumulating CTB (CTB rice). 

Fumio TAKAIWA, Hidenori TAKAGI, Lijun YANG
Transgenic Crop Research and Development Center

Development of a rice-based oral cholera vaccine

　Oral feeding of CTB rice to mice induced 
CTB-specific serum IgG and mucosal IgA 
antibodies with neutralizing activity (Fig. 2). 
And furthermore, the development of diarrhea 
was significantly inhibited in the group of 
mice fed CTB rice (Fig. 3). Recent studies 
have elucidated that compared with parental 
vaccines, oral vaccines represent significant 
improvements with regard to safety, protective 
efficacy, and duration of protection. Thus, we 
expect that rice-based oral cholera vaccine 
potentially serves as a practical and cost-
effective public health tool for prevention of 
cholera.

Fig. 1  A construct for expression of CTB
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Fig. 2 Induction of CTB-specific mucosal lgA

■：Mice fed CTB rice
□：Mice fed recombinant CTB (rCTB)
**：P<0.01

Fig. 3 Suppressive effect on diarrhea

WT rice：wild-type rice
PBS：phosphate buffered saline
*：P<0.05
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　Benzothiadiazole (BTH) is a so-called ‘plant 
activator’ and protects plants from diseases 
by ‘priming’ the salicylic-acid (SA) signalling 
pathway. Because of its characteristic action 
mechanism of  ‘priming’, BTH exerts 
protective effects against a broad spectrum 
of diseases without major adverse effects on 
plant growth when applied at appropriate 
dosages .  Assuming that a transcription 
factor plays a key role in the BTH-induced 

‘priming’, we screened for BTH-inducible 
genes for transcription factors by using rice 
44K oligoarray and identified WRKY45 that 
upregulated within 3 h after BTH treatment. 
Overexpression of WRKY45 in transgenic rice 
(WRKY45-ox) driven by the constitutive maize 
ubiquitin promoter dramatically enhanced 
resistance to blast disease (Fig. 1A), the 
devastating fungal disease worldwide. The 
WRKY45-ox rice was even more blast resistant 
than ‘Sensho’, which is known as a very 
highly blast resistant rice variety (Fig. 1C). 
WRKY45 -ox rice plants were also highly 
resistant to bacterial blight diseases (Fig. 
1B). Thus, WRKY45-ox rice is resistant to both 
fungal and bacterial diseases (‘multi-disease 
resistance’). 
　RNA interference–mediated knockdown 
of WRKY45 (WRKY45-kd) compromised BTH-
inducible resistance to blast disease, indicating 
that WRKY45 is essential for BTH-induced 
defence responses. In a transient expression 
system, WRKY45 activated reporter-gene 
transcription through W-boxes, indicating that 
WRKY45 is a transcriptional activator acting 
through W-boxes. Epistasis analysis suggested 
that WRKY45 acts in the SA signalling pathway 

independently of OsNPR1, a rice ortholog of 
Arabidopsis NPR1 (Fig. 2), which distinguishes 
WRKY45 from any known Arabidopsis WRKY 
transcription factors. Examination of BTH 
inducibility in WRKY45- and OsNPR1-kd plants 
revealed that two defence-related genes, 
encoding a glutathione-S-transferase and a 
cytochrome P450, are regulated by WRKY45, but 
not by OsNPR1. On the other hand, PR1b and 
PR1a genes were regulated by OsNPR1, but not 
by WRKY45. These results are consistent with 
the apparent independence of the WRKY45- 
and OsNPR1-dependent pathways. 
　Thus, rice has a SA-signalling pathway 
that is substantial ly different from the 
Arabidopsis counterpart. WRKY45-ox rice plants 
grew without severe growth defects in our 
greenhouse (Fig. 3). In these plants, defence 
reactions were not activated as revealed by 
the absence of PR-gene expression (Fig. 3). 
Thus, WRKY45-ox rice appears to be ‘primed’ 
for defence responses. However, WRKY45-ox 
rice showed substantial growth retardation 
accompanied by PR-gene expression when 
grown in a growth chamber (Fig. 3), suggesting 
that some environmental factor(s) triggered 
defence reactions by acting downstream of 
WRKY45 transcription (Fig. 2). The high degree 
of multi-disease resistance accompanied by 
minor growth retardation due to overexpression 
of WRKY45 makes this gene a promising tool 
for developing practically useful multi-disease 
resistant rice by a transgenic approach. To 
achieve this goal, however, the environment-
dependent growth retardation has to be 
overcome by opt imizing the transgene 
expression. 

Hiroshi TAKATSUJI, Masaki SHIMONO, Shoji SUGANO, Akira 
NAKAYAMA, Chang-Jie JIANG, Nagao HAYASHI
Disease Resistance Research Unit

Rice WRKY45 plays a crucial role in benzothiadiazole-
inducible resistance to fungal blast and bacterial blight 
diseases
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Fig. 1　Disease resistance of rice by　 
overexpression of WRKY45
(A and B)  Disease resistance of WRKY45-
ox rice to fungal blast (A) and bacterial 
blight (B) diseases. 
(C) WRKY45-ox rice is even more blast 
resistant than the highly blast resistant rice 
variety ‘Sensho’.

Fig. 2　SA signalling pathways in Arabidopsis and rice
In Arabidopsis, downstream of SA is largely controlled by NPR1. 
In rice, the SA pathway separate into WRKY45- and OsNPR1-
dependent pathways. An environmental factor(s) acts downstream 
of WRKY45 and OsNPR1 to trigger defence-gene expression.

Fig. 3　Growth and PR-gene expression in WRKY45-ox rice plants under different growth conditions
Greenhouse-grown WRKY45-ox rice showed only minor growth retardation, whereas, it was much 
more severe in growth-chamber-grown WRKY45-ox rice. Expression of PR1b and PR1a, as markers of 
defence reactions, was undetectable in greenhouse-grown but highly detected in growth-chamber-
grown WRKY45-ox rice.

Reference
Shimono M, Sugano S, Nakayama A, Jiang C-J, Ono 
K, Toki S, Takatsuji H (2007) Rice WRKY45 plays 

a crucial role in benzothiadiazole-inducible blast 
resistance. Plant Cell 19(6):2064-2076.
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　Genetic resistance has been commonly 
used to protect cultivated plants from viral 
infection. One major class of the resistance 
genes encode proteins that contain nucleotide-
binding sites and leucine-rich repeats and elicit 
hypersensitive reaction in response to infection, 
and another encodes mutated host proteins that 
are primarily required for viral multiplication. 
Tm-1 is a semi-dominant trait that inhibits the 
multiplication of Tomato mosaic virus (ToMV) 
at the single cell level. Having been bred into 
cultivated tomato (Solanum lycopersicum) from 
the wild tomato species S. habrochaites in 1940s, 
Tm-1 has been widely used to protect tomato 
plants from ToMV infection. However, previous 
attempts to identify the Tm-1 gene by map-
based cloning proved unsuccessful because 
the Tm-1 locus is located near the centromere 
of chromosome 2, where the frequency of 
recombination is extremely low.
　In this study, we identified the Tm-1 gene by 
purifying its inhibitory activity toward ToMV 
RNA replication in vitro. We first demonstrated 
that the extracts of Tm-1 tomato cells (GCR237) 
have properties that inhibit the in vitro RNA 
replication of ToMV while having no effect on 
the Tm-1-resistance-breaking ToMV mutant 
LT1. We purified this activity and identified a 
polypeptide of approximately 80 kDa (p80GCR237 : 
Fig. 1) using LC-MS/MS. The amino acid 

sequence of p80GCR237 had no similarity to any 
character ized proteins including plant 
resistance gene products. The p80GCR237 gene co-
segregated with Tm-1; transgenic expression of 
p80GCR237 conferred resistance against ToMV in 
tomato plants (Fig. 2); and the knockdown of 
p80 GCR237 sensitized Tm-1 tomato plants to ToMV, 
indicating that Tm-1 encodes p80GCR237 itself. We 
further found that in vitro-synthesized Tm-1 
(p80GCR237 ) protein binds to the replication 
proteins of wild-type ToMV and inhibits their 
function at a step before, but not after, the viral 
rep l i ca t i on  complex  i s  f o rmed on  the 
membranes. These results indicate that Tm-1 
(p80GCR237 ) inhibits the functioning of ToMV 
replication proteins. Thus, Tm-1 belongs to a 
novel class of resistance genes. When a virus 
enters foreign cells to which it has not been 
adapted, it may often encounter host factors 
like Tm-1 that bind and limit the function of 
viral factors. Viruses must have escaped from 
such inhibitory interactions to adapt to their 
natural host.

Reference
Ishibashi, K., Masuda, K., Naito, S., Meshi, T., 
Ishikawa, M. (2007) An inhibitor of viral RNA 
replication is encoded by a plant resistance gene. 
Proc. Natl. Acad. Sci. USA 104: 13833–13838.

Kazuhiro ISHIBASHI, Tetsuo MESHI*, Masayuki ISHIKAWA
Plant-Microbe Interactions Research Unit, *Division of Plant Sciences

Tm-1, a resistance gene of tomato to Tomato mosaic virus, 
encodes an inhibitor of viral RNA replication
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Fig. 1  Purification of the Tm-1 activity
Tm-1 tomato cell extract was fractionated by several 
successive procedures, and the Tm-1-activity was purified. 
After the last fractionation step (MonoQ anion exchange 
chromatography), fractions 5-9 were analyzed by SDS-
PAGE and silver staining. The Tm-1 activity was determined 
for each fraction, and the presence (+) or absence (-) of the 
act iv i ty i s ind icated be low the pane l . The band 
corresponding to p80GCR237 is also shown.

Fig. 2  ToMV resistance conferred by the expression of 
p80GCR237

A ToMV-sensitive tomato cultivar GCR26 was transformed 
to express p80GCR237 . 
Non-transgenic (left) and p80GCR237 -expressing (right) plants 
were mechanically inoculated with ToMV. The expression of 
p80GCR237 inhibited ToMV multiplication and the plant grew 
normally.
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　Exact modification of target genes is a prime 
goal in the precision engineering of crops. 
In this study, we created a novel herbicide-
tolerant rice by gene targeting (GT)-mediated 
introduction of point mutations in the locus 
encoding the catalytic subunit of the enzyme 
acetolactate synthase (ALS). ALS catalyzes the 
initial step common to the biosynthesis of the 
branched-chain amino acids; leucine, isoleucine 
and valine. ALS is the primary target site of 
action for at least four structurally distinct 
classes of herbicides. In the previous study, 
Shimizu et al. (2005) reported the production of 
a rice cell line, which showed hyper tolerance 
to the ALS-inhibiting herbicide bispyribac 
(BS), and demonstrated that the BS-tolerant 
phenotype was due to a double mutation 
(W548L and S627I) in the rice ALS gene. Since 
the BS-tolerant cell line had lost the ability to 
regenerate during 2 years of tissue culture, 
we attempted to introduce these two point 
mutations into rice ALS gene via GT. 
　GT vector contained a partial ALS gene 

with W548L and S627I mutations so that 
random integrations of this GT vector did not 
confer BS tolerance. Using our highly efficient 
Agrobacterium-mediated transformation system, 
we obtained 66 independent GT rice plants 
from 1500 calli. Furthermore, 2/3 of these plants 
harbored the two point mutations exclusively, 
without any insertion of foreign DNA such as 
border sequences of T-DNA. 
　GT rice homozygous for the modified 
ALS locus showed hyper-tolerance to BS as 
compared to BS-tolerant plants produced 
by a conventional transgenic system. It was 
known that functional ALS complex consists of 
tetramers of ALS subunits. Exclusion of the BS-
sensitive ALS allele is important to produce BS-
hyper tolerant rice plants. Our results indicate 
that our GT method has successfully created 
novel herbicide-tolerant rice plants which are 
superior to those produced by conventional 
mutation breeding protocols or transgenic 
technology.

Masaki ENDO, Keishi OSAKABE, Kazuko ONO and Seiichi TOKI
Plant Genetic Engineering Research Unit

Molecular breeding of novel herbicide-tolerant rice by gene 
targeting
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Fig.1  Schematic representation of GT at ALS locus
A sequence encoding 55 amino acids, including the chloroplast-targeting signal, is deleted in the 
GT construct (△5’ALS), rendering the gene non-functional. Homologous recombination between 
genomic ALS locus and T-DNA confers BS-tolerant ALS.

Fig.2 BS sensitivity test
Heterozygote (Hetero) and homozygote (Homo) plant for the modified ALS exhibited tolerance to BS. 

Fig.3 Enzymatic activity of ALS
ALS proteins from wild-type (WT), homozygote (Homo) or heterozygote (Hetero) for GT plants and 
over-expressing plants (OE) of the ALS gene containing the same two mutations (W548L and S627I) 
were extracted and examined for their sensitivities to BS. In OE plant, transcription levels of ALS 
were extremely high (approximately 20-fold higher than wild-type). GT homozygote plants showed 
extreme tolerance to BS. 
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　The silkworm, Bombyx mori ,  has been 
domesticated for several thousand years as the 
most agriculturally important insect and used 
extensively for silk production. The silkworm 
also attracts interest as a key model of the 
Lepidoptera, which include the most destructive 
agricultural pests. The draft genome sequences 
of the silkworm has been reported using 
whole-genome shotgun sequencing, however 
relatively shallow genome coverage remains 
fragmented, hampering annotation. Therefore, 
a more complete genome analysis is strongly 
required, and for this purpose, we developed 
extended scaffolds combining physical maps 
with improved genetic maps.
　We constructed a high density linkage map 
with 1,755 single nucleotide polymorphism 
(SNP) markers found in the end sequence data 
of bacterial artificial chromosome (BAC). The 
markers were mapped over the 28 linkage 
groups with an average inter-SNP distance 
of 0.81 cM (about 270 kilobases). Among the 
linkage groups, 26 were assigned to standard 
si lkworm using morphological  markers 
(Table1). We also constructed 6,221 contigs 
by the finger print for the 81,024 BAC clones 
from three libraries digested with different 
restriction enzymes.  A total of 724 single 
copy genes were assigned to them by BLAST 
(basic local alignment search tool) search of 
the BAC end sequences and high-density BAC 

filter hybridization using expressed sequence 
tags as probes. We assigned 964 additional 
expressed sequence tags to linkage groups 
by restriction fragment length polymorphism 
analysis of a nonrecombining female backcross 
population. Altogether, 361.1 megabases of BAC 
contigs and singletons were integrated with a 
map containing 1,688 independent genes. The 
integrated map contains approximately 10% of 
predicted silkworm genes and has an estimated 
76% genome coverage by BACs. This provides 
a new resource for improved assembly of 
whole-genome shotgun data, gene annotation 
and positional cloning, and will serve as a 
platform for comparative genomics and gene 
discovery in Lepidoptera and other insects.
　This map is already available and being 
used as a powerful tool for the positional 
cloning of morphological mutation genes, for 
the evaluation of a whole genome shotgun 
assembly, and as the base of scaffold mapping. 
We are continuing to integrate SNP and other 
molecular linkage maps with the morphological 
linkage map, which will enable us to exploit the 
silkworm mutant information accumulated in 
Japan for insect research. We are also planning 
to establish an "open laboratory" facility 
where domestic and overseas researchers 
can efficiently use the genome information, 
resources and tools to promote insect sciences 
in the near future.

Kimiko YAMAMOTO, Junko NOHATA, Keiko KADONO-OKUDA, Junko 
NARUKAWA, Yoshitaka SUETSUGU and Kazuei MITA
Insect Genome Research Unit

BAC-based integrated map of the silkworm, Bombyx mori
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Table 1 BAC coverage of chromosome (left) and EST mapped or assigned to chromosome (right).
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　Systems for producing recombinant proteins 
have been developed in many organisms. 
Transgenic organisms are thought to be useful 
for producing large amounts of proteins and 
in some cases it is also possible to produce 
proteins containing the mammalian types of 
sugar chains.  The protein production systems 
in transgenic silkworm have been developed 
because the silkworm possesses a very efficient 
organ adapted for the production of proteins. 
The systems developed in the silkworm use 
a middle part of the silk gland and sericin 1 
and fibroin L chain gene promoters have been 
used for gene expression. However, the most 
abundant protein in the silk gland is the fibroin 
H chain. The system using the fibroin H chain 
gene has not been used for the production of 
globular proteins because of the difficulty in 
purification of products. Therefore, we applied 
the piggyBac vector utilizing the fibroin H gene 
for production of recombinant proteins. The 
vector possesses the DsRed gene under the 
control of the eye-specific expression promoter 
3xP3 as a marker and the long upstream region 
of the fibroin H chain gene.  The gene for 
the production of the recombinant protein is 
inserted into the middle part of the fibroin H 
gene. In this experiment, we produced feline 
interferon as a model pharmaceutical protein 
in the transgenic silkworm and investigated 
the possibility of recovering the active form of 
protein from the cocoon and silk gland.
　The structure of piggyBac transposon vector 
for the production of feline interferon is shown 
in Fig.1. We constructed two types of vectors. 
One possessed the interferon gene without a 
protein cleavage site and the gene was fused 
with N and C terminal sequences of fibroin H 

chain gene. We used short sequences in both 
terminal regions but the product still had 
short N and C terminal sequences of amino 
acids of fibroin H chain. The other vector 
possessed the feline interferon gene with 
the two protease cleavage sites in the N and 
C terminals. The product was expected to 
be produced as a fusion protein with rather 
long N and C terminal sequences of fibroin H 
chain. Using these vectors, we successfully 
constructed the transgenic silkworms. The 
protein was extracted from the cocoon and 
analyzed by SDS-PAGE and Western blotting. 
As shown in Fig.2A and B, a rather large 
amount of interferon was produced in both 
strains. The molecular weight of the products 
precisely agreed with the products estimated 
from the gene structure. Then we extracted the 
proteins from the silk gland and measured the 
activity of interferon. As expected the activity 
of the silk solution in both strains was rather 
low. However, the intact size of the interferon 
was detected when we treated the solution 
with PreSciccion protease. The activity of the 
cleaved product possessed very high interferon 
activity that was not much different from 
standard interferon. 
　From the result, we concluded that the 
production of pharmaceutical protein is 
possible using the system of fibroin H chain 
gene. However, the protein must be tolerant 
to the detergent and treatment with a 
specific protease. We note that this is the first 
experiment using fibroin H chain gene for 
the production of recombinant protein.  The 
active protein was recovered from cocoons of 
transgenic silkworm.

Toshiki TAMURA, Masayuki YONEMURA, Testsuya IIZUKA, Ken-
ichiro TATEMATSU, Hideki SEZUTSU, Isao KOBAYASHI, Hiroyuki 
KURIHARA*, Katsushige YAMADA*
Trangenic Silkworm Research Center, *Toray Co.

Production of a feline interferon in transgenic silkworms 
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Fig. 1  Structure of piggyBac transposon vector for the production of feline interferon (FeIFN)
A. Vector of feline interferon without protease cleavage site. B. Vector for the production of feline interferon with 
protein cleavage site. N-terminal and C-terminal domains were shown by NTD and CTD, respectively.

Fig. 2  Analysis of feline interferon extracted from the transgenic cocoons by SDS–PAGE (A), Western-blotting (B) 
and interferon activity(C)
Treatment of protease was shown by +. StFeIFN and PreFeIFN indicate the products of the transgenic strains 
possessed the interferon gene without or with protease cleavage sites, respectively.
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　Trehalose is a nonreducing disaccharide 
formed by an a-1, 1-glucoside bond between two 
glucose units. It is widespread in organisms 
such as insects, crustaceans, plants, fungi, 
yeast and bacteria, and is used as their energy 
and carbon source. Moreover, trehalose has 
distinctive physiological properties not seen 
in any other sugars. These functions include: 
1) protection as a “chemical chaperone” 
or an antioxidant against stresses such as 
desiccation, heat, low temperature, and high 
and low oxygen; 2) prevention of osteoporosis 
by disturbing osteoclast differentiation; 3) 
alleviation of polyglutamine and polyalanine 
diseases such as Huntington's disease (HD) 
and oculopharyngeal muscular dystrophy 
(OPMD), respectively, probably by preventing 
abnormal protein aggregation; 4) an inducer for 
the mammalian target of rapamycin (mTOR)-
independent autophagy, causing the clearance 
of mutant proteins associated with HD and 
Parkinson’s disease; and 5) control of growth 
and inflorescence blanching in plants by acting 
as a signal molecule.
　Advanced applied research on the bioactivity 
of trehalose is being conducted. For instance, 
by using trehalose as an anhydro-protectant, a 
method to preserve the blood for transfusion 
in dry state has been developed. As a result, 
preservation of akaryotic platelets for almost 
two years was successful with a technique in 
which the platelets were heated to introduce 
trehalose into the cells through pinocytosis 
and then freeze-dried. However, platelets are 
so far the only successful example because 
spontaneous uptake by pinocytosis is largely 
dependent on cell characteristics. Therefore, 

a major obstacle to application is that cellular 
membranes are impermeable to trehalose.
　To overcome the obstacle, we first cloned a 
candidate for the trehalose transporter from the 
sleeping chironomid, Polypedilum vanderplanki, 
because the larvae accumulate up to 20 % of 
their dry mass as trehalose. The candidate gene 
designated as Tret1 is a single open reading 
frame (ORF) encoding a 55-kDa protein of 504 
amino acids. Computational prediction showed 
the TRET1 has a domain for sugar (and other) 
transport (Pfam accession number: PF00083) and 
probably forms a 12-transmembrane structure 
(Fig. 1). When expressed in Xenopus oocytes, 
the TRET1::AcGFP1 fusion protein was clearly 
localized to the membrane (Fig. 2A), and the 
translation product of the Tret1 gene actually 
transported trehalose (Fig. 2B). The recognition 
of substrate was highly specific. Maltose, 
sucrose and lactose were not transported and 
methyl-a-glucoside (MAG) and 2-deoxyglucose 
(2-DOG) were transported at a much lower 
rate (Fig. 3A). Interestingly, TRET1 did not 
transport even anomers of trehalose such as 
neotrehalose (Glc(a1-1b)Glc) and isotrehalose 
(Glc(b1-1b)Glc) (Fig. 3B). Thus, TRET1 precisely 
recognizes the stereochemical structure of 
disaccharides like trehalose. Reduction of 
the electrochemical membrane potential and 
ATP synthesis caused by ionophores and 
an uncoupler did not significantly affect the 
transport activity of TRET1 (Fig. 4), indicating 
that TRET1 is a facilitated transporter. Hence, 
the transport of trehalose throughout TRET1 
was shifted from an inward to outward 
direction when its concentration gradient was 
reversed between the cytosol and external 

Takahiro KIKAWADA, Takashi OKUDA
Anhydrobiosis Research Unit

Molecular cloning and characterization of a facilitated 
trehalose transporter, TRET1, from the sleeping chironomid, 
Polypedilum vanderplanki
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media (Fig. 5). Kinetic analysis indicated that 
TRET1 is a high-capacity trehalose transporter 
(Fig. 6). These peculiar properties provide a 
simple and specific way to introduce trehalose 
into a variety of cells. Indeed, TRET1 conferred 

ability of trehalose uptake on mammalian cells 
(Fig. 7). In conclusion, we believe that TRET1 
will open many possibilities in which trehalose 
can be used to achieve basic and applied goals.

Fig. 1  Predicted structure of TRET1 protein
Topological model for the structure of the TRET1 protein. SOSUI analysis indicated that TRET1 
could form a 12-transmembrane structure. We predicted the 1st loop is extracellular because a 
typical additional site for an N-linked glycosylation is located in that loop at position 73 of TRET1.

Fig. 2 Tret1 gene encodes a trehalose transporter
(A) Cellular localization of TRET1 in Xenopus oocytes. Immunohistochemical staining of cross-
sections for oocytes expressing TRET1::AcGFP1 fusion protein. (B) Time course of trehalose uptake 
by Xenopus oocytes injected with either Tret1 cRNA or distilled water as sham were incubated in 105 
mM trehalose at 15°C.
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Fig. 3 TRET1 recognizes trehalose only as a substrate among disaccharides
Xenopus oocytes expressing TRET1 were incubated either in 105 mM of various natural occurring 
disaccharides for 3 h (Tre: trehalose; Mal: maltose; Suc: sucrose; Lac: lactose) (A), or in 25 mM of 
trehalose-anomers for 3 h (B).

Fig. 4 TRET1 is a facilitated transporter
Xenopus oocytes expressing TRET1 were pre-incubated in either control buffer (0.1% acetone), or 
buffer containing 10 µM nigericin (Na+, K+ -ionophore), 10 µM valinomycin (K+ -ionophore) or 10 µM 
CCCP (H+ -ionophore, uncoupler) for 15 min, then incubated in 105 mM trehalose with the 
corresponding ionophores or an uncoupler for 3 h. NS: not significance. 

Fig. 5 Bi-directional trehalose transport activity of TRET1
Xenopus oocytes expressing TRET1 were first incubated in 105 mM trehalose for 3 h, and then 
transferred into trehalose-free buffer and trehalose content was examined over time.
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Fig. 6 Kinetics analysis of zero-trans activity of TRET1 for trehalose
Xenopus oocytes expressing TRET1 were incubated in various concentrations of trehalose for 15 min. 
Uptake data were fitted to the Michaelis-Menten and Eadie-Hofstee (Inset) equations. Apparent Km 
and Vmax were calculated by non-linear approximation.

Fig. 7 TRET1 allows mammalian cells to increase trehalose uptake
Either the TRET1 expression vector (pPvTRET1-IRES2-AcGFP1) or vector only (pIRES2-AcGFP1) 
were transfected into CHO-K1, HuH-7 or NIH/3T3-3-4 cells. The transfected cells were incubated in 
medium containing 100 mM trehalose for 3 h to determine trehalose uptake.
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　Juvenile hormone is an insect specific 
hormone synthesized in the corpora allata (CA).  
The biochemical studies indicated that the JH 
biosynthetic pathways consist of the early steps 
(mevalonate pathway) that are common to the 
synthesis of cholesterol, and the late steps that 
are specific for the synthesis of JH.  However, 
the molecular nature of these enzymes is 
largely unknown.  We have tried to identify all 
the genes encoding enzymes in the early steps 
of JH biosynthesis using the genome sequence 
information of Bombyx mori.  In addition, to 
reveal the role of each gene in the regulation of 
JH biosynthesis, the expression profiles of these 
genes and the biosynthetic activity of the CA 
are compared.
　Based on the B. mori genome sequence 
information, all the enzyme genes involved in 
the early JH biosynthetic pathway (mevalonate 
pathway, Fig. 1) that convert acetoacetyl CoA 
to farnesyl pyrophosphate, have been identified 
and these cDNAs were cloned.
　There is a single gene encoding each 
enzyme, with exception of farnesyl diphosphate 
synthase (FPPS), for which we identified 
three homologs.  Only a single FPPS exists 
in the gnome of human and fruitfly; this is a 
peculiar feature of the B. mori genome. All 
but two enzymes, FPPS1 and MevPK, were 
expressed almost exclusively in the CA (Fig. 

2). This result suggests that CA is the organ 
that is highly specialized for the syntheis of 
JH. Among three FPPSs, FPPS2 and FPPS3 
are almost specifically expressed in the CA.  In 
particular, the expression level of FPPS2 was 
very high, suggesting that this enzyme plays a 
major role in the JH synthesis among the three 
FPPSs (Fig. 2).  It is known that most insects 
synthesize only JH III, but the lepidoptera 
synthesizes multiple JH (JH I, JH II, and JH III). 
The presence of multiple PFFSs in B. mori may 
be relevant to the ability to synthesize multiple 
JHs.
　When the developmental expression profiles 
of the early JH biosynthesis enzymes in the 
CA and its JH biosynthetic activity were 
compared, the expression levels of most genes 
were decreased at the early fifth larval instar 
stage when the biosynthetic activity of the CA 
was decreased (Fig. 3).  On the other hand, all 
these enzymes were expressed to some extent 
from the middle of the larval instar stage to 
the middle of the pupal stage (Fig. 3). These 
results indicate that there is some correlation 
between the expression levels of the early JH 
biosynthesis enzymes and JH biosynthesis, but 
the regulation of JH biosyntheis could not be 
completely attributed to the transcriptional 
regulation of these genes.

Terunori KINJOH a , Yu KANEKO a , Kyo ITOYAMAb , Kazuei MITAc , 
Kiyoshi HIRUMA a ,Tetsuro SHINODAd

Hirosaki Universitya , Meiji Universityb , Insect Genome Research Unit c , Genome 
Function Research Unitd

Cloning and expression analysis on the enzymes in the early 
juvenile hormone biosynthesis pathways of the silkworm, 
Bombyx mori
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Fig. 1  Early JH biosynthetic pathway
 (mevalonate pathway)

Fig. 2  Expression profiles of early JH biosynthetic 
enzyme genes in major tissues of B. mori (Day 2 4th 
larvae)

Fig. 3  Developmental expression profiles of early 
JH biosynthesis enzyme genes in the CA (A) and the 
biosynthetic activity of JH (B)
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　The number of vertebrae of wild boars 
and Asian local breed pigs is 19, but those 
of European commercial breed pigs, which 
have been selectively bred for enlargement 
of body, are increased and ranges from 21 to 
23. In mammals, the vertebral formula shows 
developmental constraint. The number of 
cervical vertebrae is fixed at seven, and the 
total number of thoracic and lumbar vertebrae 
is conserved in each species and tends to be 19. 
In light of these findings, it is interesting that 
the number of vertebrae in pigs varies from 19 
to 23 within a single species.
　We detected two quantitative trait loci 
(QTL) for vertebral number on Sus scrofa 
chromosomes (SSC) 1 and 7 by using nine F2 

families. These two QTL acted independently, 
and each had mainly an additive effect. The 
combined effect of the two QTL accounted 
for an increase of more than two vertebrae. In 
this report, we describe our map-based study 
of the QTL on SSC1 and also suggest that an 
orphan nuclear receptor, germ cell nuclear 
factor (NR6A1), is a strong candidate in light 
of analyses of polymorphism, function, and 
expression.
　We attempted to fine-map the QTL on SSC1 
in accordance with the assumption that the 
genetic variation around this QTL would be 
reduced in European commercial breed pigs 
due to the selective breeding. To analyze the 
genetic variation, we collected 194 independent 
samples from five commercial breeds and 40 
samples from Asian local breeds as references. 
Using these samples ,  we genotyped 24 
microsatellite markers in the 1.9-cM region, 
restricted with linkage analyses. The results 

revealed that six adjacent markers were 
dramatically reduced for polymorphisms. In 
comparison, the genetic variation of these 
markers was maintained in the Asian breeds. 
To define the region of reduced genetic 
variation, we isolated 11 novel microsatellite 
elements by sequencing the 600-kb region. 
Reanalysis revealed that lack of genetic 
variation in commercial breeds occurred at 10 
adjacent markers located in a 300-kb region (Fig. 
1C, 1D, 1E).
　This 300-kb region contained two nuclear 
receptor genes: NR5A1 (adrenal 4-binding 
pro te in )  and  NR6A1  (F ig .  1D) .  NR5A1 
participates in gonadal differentiation and 
steroidogenesis. NR6A1 is an orphan receptor 
that is expressed in the testis and ovary. 
NR6A1 also is expressed in early embryos, 
and Nr6a1-deficient mouse embryos display 
serious defects in somitogenesis, generating 
a maximum of 13 (instead of 25) somites. We 
sequenced the coding regions of NR5A1 and 
NR6A1 from the European and Asian breed pigs 
used as parents in the nine F2 experimental 
families and identified only one amino acid 
substitution, coincident with the QTL in NR6A1 
(Fig. 2A) but not in NR5A1. This substitution 
(Pro192Leu) was fixed as leucine in the 194 pigs 
of commercial breeds. Asian pigs had proline, 
which is conserved in human and mouse 
NR6A1.
　The amino acid substitution in NR6A1 was 
located in the hinge region between the DNA 
binding domain and the ligand-binding domain. 
The hinge domain of NR6A1 is reported 
to be essential for its interaction with the 
corepressors, NCOR1 and RAP80. To analyze 

Satoshi MIKAWA, Hirohide UENISHI, Takeshi HAYASHI and Takashi 
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An orphan receptor, germ cell nuclear factor (NR6A1) 
affects the number of vertebrae in pigs
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the influence of Pro192Leu on the binding of 
NR6A1 to its corepressors we used two-hybrid 
systems. The pig leucine-type NR6A1 showed 
more than two times higher binding activity to 
corepressors than did the proline-type protein 
(Fig. 2B).
　We analyzed the expression of NR6A1 in 
mouse embryos (embryonic day 10.5). While 
the expression of NR6A1 mRNA was so faint 
and hardly detectable with in situ hybridization 

(data not shown), somites on both sides of the 
notochord were intensely immunostained for 
NR6A1 protein (Fig. 3).
　NR6A1 was originally identified as the germ 
cell nuclear factor expressed predominantly in 
germ line, but now its importance in embryonic 
development has been realized. Together, these 
results suggest that NR6A1 is a strong candidate 
for one of the QTL that influence number of 
vertebrae in pigs.

Fig. 1  Analyses of genomic structure and genetic variation of the QTL region
(A) Gene map of the QTL region. (B) BAC contig. (C) Linkage map of microsatellite markers. (D) The genes and 
microsatellite markers around the QTL. Arrowheads indicate microsatellite markers, and clear arrowheads indicate 
those lacking genetic variation in European commercial breed pigs. (E) Heterozygosities of markers in each breed. 
Breeds are B, Berkshire; D, Duroc; H, Hampshire; L, Landrace; W, Large White; Y, Yorkshire; M, Meishan; J, Jinhua; 
and Wb, Japanese wild boar; and numbers of samples are shown in parentheses.

Fig. 2  Amino acid substitution of pig NR6A1
(A) Amino acid sequences of NR6A1 hinge domains 
of pig, human, and mouse. Leucine occurred in alleles 
increasing vertebral number (Ver), whereas proline 
occurred in the wild-type pig allele (wt) as well as in 
human and mouse NR6A1. (B) Interaction of pig NR6A1 
and its corepressors RAP80 and NCOR1 was analyzed 
with a two-hybrid system.

Fig. 3  Immunohistochemical study of NR6A1 protein in 
embryonic day 10.5 mouse embryos
(B) and (D) are the magnified images of the boxed 
regions of (A). (C) and (E) are negative controls. 
Signals (arrow heads) were present in somites on both 
sides of the notochord. The vertical line in the sketch 
(F) indicates the location of the sections.
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QTLs for root anatomy in rice
　Plant roots are essential for the absorption 
and translocation of water and nutrients. Roots 
also are important for drought avoidance 
because they can enable the plant to avoid 
water stress by absorbing water deposited in 
the deep soil layers. In previous studies, a wide 
range of naturally occurring variation in root 
morphological traits such as root length and 
distribution has been observed in cultivated 
rice. On the other hand, the phenotypic 
variation in the stele (vascular cylinder) 
including the xylem and phloem, which is an 
important organ for the absorption and 
translocation of water and nutrients, has not 
been elucidated in detail. To clarify whether 
varietal differentiation in stele and xylem 
structures occurred in cultivated rice, we 
evaluated and analyzed root anatomical traits 
in 59 accessions consisting of 13 japonica and 46 
indica accessions classified according to a 
genome-wide RFLP polymorphism survey. 
Although no signifi cant diff erence in the mean 
root thickness (RTH) was observed among the 
japonica and indica accessions, the mean stele 
transversal area (STA) was different between 
japonica and indica (Fig.1 and 2). Three japonica 
accessions, Khao Nok, Khau Mac Kho and 
Phulba, showed more than 70,000 µm2 of STA. 
These varieties were upland rice according to 
the passport data of Genebank in NIAS. Our 
results demonstrated that large stele size was a 
morphological feature in the upland japonica 

cultivars and we found useful material for 
modifying root anatomical sizes by breeding. 
Although a wide range of variation of root 
anatomical size in the cultivars has been found, 
quantitative trait loci (QTLs) for them have not 
been reported previously. Therefore, we 
identified QTLs associated with natural 
variation of stele and xylem structures of the 
root by using 117 F3 lines from a cross between 
the two varieties showing quite different 
anatomical sizes, the indica lowland cultivar 
IR64 and the japonica upland cultivar Kinandang 
Patong (Fig. 1). The STA, total area (MXA) and 
number of late metaxylem vessels (MXN), and 
RTH were measured in basal cross sections of 
nodal roots. A total of 10 QTLs, 2 for STA, 4 for 
MXA, 2 for MXN, and 2 for RTH, were detected 
on chromosomes 1, 2, 3, 9, and 10 (Fig. 3). The 
Kinandang Patong allele at all QTLs showed a 
positive additive eff ect on each trait, except for 
one QTL for MXA on chromosome 10. The 
phenotypic variance explained by each QTL 
ranged from 8.7% to 23.9% . A QTL for MXA on 
chromosome 9 showed the largest eff ect (23.9% ) 
on total phenotypic variance. Although one 
QTL for STA, detected on chromosome 2, was 
mapped near a QTL for RTH, the other QTLs 
for stele and xylem structures did not map to 
the same chromosomal regions as the QTLs for 
RTH. We conclude that stele and xylem 
structures might be controlled by several 
genetic factors different from the QTLs for 
RTH.
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Fig. 1　Phenotypic differences in stele and xylem structures of root between IR64 and KP
(a–d) Transverse root sections of rice plants stained with toluidine blue, showing the average value 
in each accession. S, stele; MXVII, late metaxylem vessel. (a) IR64; (b) KP; (c) IR64; (d) KP.

Fig. 2 Frequency distribution of root thickness and stele transversal area in the japonica and indica 
accessions 
A; japonica (n = 13), B; indica (n = 46). The white and black inverted triangles indicate the mean 
values of IR64 
and KP, respectively.
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QTLs controlling extremely early heading in 
rice
　Heading date (flowering time) is one of 
the key factors in the regional and seasonal 
adaptation of rice cultivars. Rice cultivars show 
a wide range of natural variation in heading 
date and daylength response (photoperiod 
sensitivity; PS). Although knowledge of the 
genetic control of heading date in rice is 
being accumulated, the wide range of natural 
variation is not fully understood yet. Recently, 
several QTLs involved in extremely late 
heading have been identified by QTL analysis 
(Uga et al. 2007). To clarify the genetic basis of 
extremely early heading in rice, we conducted 
quantitative trait locus (QTL) analyses using 
F2 populations from two genetically wide cross 
combinations, Hayamasari/Kasalath (HaF2) and 
Hoshinoyume/Kasalath (HoF2). Hayamasari 
and Hoshinoyume are extremely early-heading 
japonica cultivars. Photoperiod sensitivity is 
completely lost in Hayamasari and is weak in 
Hoshinoyume. Three QTLs, QTL (chr6), QTL 

(chr7), and QTL (chr8), for days-to-heading 
(DTH) in HaF2 were detected on chromosomes 
6, 7, and 8, respectively, and QTL (chr6) and 
QTL (chr7) were detected in HoF2. On the basis 
of the chromosomal locations, QTL (chr6), QTL 
(chr7), and QTL (chr8) may correspond to Hd1, 
Hd4, and Hd5, respectively, which had been 
detected previously as QTLs for DTH in an F2 
population of Nipponbare × Kasalath. Alleles 
of QTL (chr7) decreased DTH dramatically in 
both Hayamasari and Hoshinoyume, suggesting 
that QTL (chr7) has a major role in determining 
extremely early heading. In addition, allele-
specific interactions were detected between 
QTL (chr6), QTL (chr7) and QTL (chr8). This 
result suggests that differences and epistatic 
interactions both contribute to extremely early 
heading. These relatively large allelic variations 
may allow us to perform effective map-based 
cloning. Molecular identification of these QTLs 
will enhance our understanding of the genetic 
control of heading date in rice. 

Fig. 3　Chromosomal locations of QTLs for root anatomical traits in rice
Chromosome numbers are indicated above each linkage map. Triangles on the right of each 
chromosome represent LOD peaks of putative QTLs. 
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Development of rice-based edible allergic 
vaccine
　Japanese cedar (Cryptomeria japonica) pollen 
is a potent seasonal aeroallergen that is spread 
over most areas of Japan in the early spring. 
C. japonica pollen causes cedar pollinosis 
with rhinitis, asthma and conjunctivitis as 
clinical symptoms. About 20 % of the Japanese 
population is currently afflicted, and more than 
half of the Japanese population has specific 
circulating immunoglobulin E (IgE) for cedar 
pollen allergens. 
　Two major allergens, designated Cry j 1 and 
Cry j 2, have been isolated from Japanese cedar 
pollen and characterized in detail. More than 
90 % of cedar pollinosis patients have specific 
IgE to the allergens. 
　Allergen-specific immunotherapy is the 
only treatment that can provide a cure 
for cedar pollinosis. Conventional allergen-
specific immunotherapy has been conducted 
by subcutaneous administration of increasing 
doses of allergen preparations (intact allergen) 
throughout a period of 3 to 5 years. This 
treatment is associated with side-effects such 
as anaphylactic shock due to the presence 
of IgE-binding activity, and pain caused by 
inflammation. A safe, easy and convenient 
treatment would thus be a boon to public 
health. 
　Peptide immunotherapy using dominant 
T-cell epitopes has been shown to be a safe 
and effective treatment for the control of 
IgE-mediated allergic diseases because of 
the absence of specific tertiary structures or 
B-cell epitopes recognized by specific IgE. 
We have demonstrated that two rice-based 
edible vaccines expressing either mouse T-cell 
epitopes or seven-linked human dominant 
T-cell epitopes (7Crp), derived from Cry j 1 and 
Cry j 2, have successfully inhibited allergen-
specific Th2-medated IgE responses in mouse 
models. These results strongly support the 
clinical feasibility of an allergen-derived 

peptide expressed in rice seed, and indicate 
that rice seed-based peptide vaccines can be 
used as a new allergen-specific immunotherapy 
for treatment of airway allergy. However, T 
cell epitopes differ from each other depending 
on the genotypes according to varieties of 
HLA, so that identification of major T cell 
epitopes is inevitable for application to peptide 
immunotherapy. This process is a drawback of 
peptide immunotherapy.
　Furthermore, the clinical use of a rice seed-
based edible vaccine with low IgE binding 
activity for humans and other mammals affected 
by cedar pollinosis requires the accumulation 
of allergen in rice seed at a pharmacolocally 
appropriate level. 
　In order to further expand the application 
of seed-based allergen-specific immunotherapy 
for controlling Japanese cedar pollinosis, 
we generated transgenic rice plants that 
specifically express the entire T cell epitope 
Cry j 1 peptide in seeds. We expressed Cry 
j 1 either as an independent gene cassette 
or as a fusion molecule as an alternative 
to T-cell epitope peptides. Our preliminary 
results showed that partial- or full-length Cry 
j 1 peptide were barely accumulated in the 
endosperm of transgenic rice seed even under 
the control of the strong rice endosperm-specific 
GluB-1 promoter. However, higher levels of 
accumulation were achieved by expressing Cry 
j 1 as a fusion protein with rice glutelin. Three 
overlapping fragments covering the entire Cry 
j 1 region were inserted into the highly variable 
C terminal region of the GluA-2 acidic subunit 
in the GluA-2 pro-glutelin precursor (Fig. 4). 
The highest accumulation level of the fusion 
protein reached about 15% of total seed protein, 
but fusion protein precursors containing Cry 
j 1 with an altered structure were not post-
translationally processed into mature forms and 
thus aggregated with Cys-rich prolamins in 
protein body I (PB-I) of seed endosperm tissues.
　Transgenic plants have been used as 

T ransgenic Crop Research and Development Center
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attractive bioreactors for the production of 
recombinant proteins including pharmaceuticals 
and industrial enzymes. Transgenic plant 
systems of fer several  advantages over 
conventional competing systems such as 
microbial and mammalian cell culture systems 
with regard to lower production cost, easy 
control of production scale and low risk of 
contamination of mammalian pathogens. 
Choosing the ideal host plant or tissue for 
expression of recombinant proteins is an 
important factor. We investigated the tissue and 
intracellular localization suitable for production 

of artificial recombinant 7Crp peptide. This 
artificial peptide could only be accumulated in 
the endosperm tissue of transgenic rice plants 
irrespective of high amounts of transcripts 
in vegetative tissues such as leaf and stem, 
when it was expressed under the control of 
constitutive promoters such as rice AGPase 
large subunit and maizeubiquitin-1 promoters 
(Fig. 5). These results indicate that endosperm 
tissue is the best production platform, when 
foreign recombinant proteins are expressed in 
transgenic rice.

Fig. 4 Expression of Cry j 1 fragments in transgenic rice seed
Codon optimized Cry j 1 fragments were expressed directly or as fusion proteins with rice glutelin 
GluA-2 under the control of the 2.3 kb glutelin GluB-1 promoter.

Fig.5 Expression of 7Crp peptide in various tissues of transgenic rice plants
7Crp gene was expressed under the control of constitutive ubiquitin and AGPase promoters. 
S: maturing seed, L: leaf, Sm:stem
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Introduction
　The production of useful materials in 
transgenic organisms has been developed in 
plants and mammals. In insects, transgenic 
methods have been limited although virus 
systems for production of recombinant proteins 
have been established. Since the silkworm 
possesses the ability to synthesize a large 
amount of silk proteins, it has been expected 
that very efficient systems for production of 
useful materials can be established. In addition, 
extensive knowledge about silkworm science 
and technology for handling the silkworm 
have accumulated and developed in Japan 
for over 100 years. Based on these scientific 
fundamentals ,  the technology using the 
transgenic silkworm was thought to have very 
high potential and that it will open an important 
new field of agrobiological sciences. In the 
Transgenic Silkworm Research Center, we 
have been studying the development of a very 
efficient method for production of transgenic 
silkworms and have constructed a new vector 
without the fluorescent marker gene. We also 
analyzed the function of genes introduced into 
the genome and have bred several silkworm 
strains that are adapted for the production of 
useful materials.

Construction of a new method for making 
transgenic silkworms with the piggyBac 
transposase gene 

　 To develop an efficient method for making 
transgenic silkworms, we constructed new 
silkworm strains that are adapted for the 
introduction of transgenes. We firstly made the 
strains by introducing the transposon piggyBac 
transposase gene under the control of the 
silkworm cytoplasmic actin gene promoter. The 
embryos of the silkworm strains expressing 
the transposase gene at the preblastdermal 
stage were tested for their ability to produce 
transgenic silkworms. We performed the 
injection of vector and helper plasmid DNA into 
the embryos of this strain at the preblastdermal 
stage and the frequency of recovery of 
transgenic silkworms was studied in the G1 
generation. We found that the use of the new 
strain for making the transgenic silkworms 
caused a drastic increase in the efficiency for 
making the transgenic silkworms as shown in 
Table 1 compared to the original frequency of 
recovery of transgenic silkworms. The method 
will be useful to construct transgenic silkworms 
with foreign genes having a large size because 
the efficiency in the production of transgenic 
silkworms decreases as insert size increases. 
To increase the production of useful materials 
in transgenic organisms, it is desirable to 
develop a method that can introduce a large 
DNA fragment. This transformation method 
will be helpful to further develop methods for 
production of large amounts of useful materials 
in the silkworm. 

T ransgenic Silkworm Research Center

Table 1 Production of the transgenic silkworms using the host strain inserted the transposon 
piggyBac transposase gene
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Application of a new vector using wild type 
Bombyx kynurenine 3-mono oxygenase gene 
　We have developed a visible marker for 
identifying transgenic silkworms by using 
Bombyx kynurenine 3-mono oxygenase gene 
under the control of the cytoplasmic actin 
gene promoter (A3KMO) and the w-1 mutant 
strain as a host. The vector (Fig. 1) was used 
for the construction of transgenic silkworms 
for commercial products. When this vector was 
used, the transgenic silkworms were detected 
by the presence of a light brown color in the 

larval integuments. We succeeded in making 
several transgenic strains using this vector. In 
addition, we found that there is a relationship 
between the levels of expression of KMO and 
the introduced foreign genes. Because the 
piggyBac vector does not contain the fluorescent 
marker gene and avoids the patent restrictions 
on it, this vector is thought to be useful for the 
production of commercial materials

Fig. 1 Physical map of piggyBac vector using the silkworm kynurenine oxigenase gene
A3KMO、marker gene；arrow、inverted terminal repeat sequence of transposon piggyBac.

Identification of Yellow blood gene by use of 
transgenic silkworms
　Yellow blood gene (Y) is known to make 
yellow larval blood and cocoons. Since Y is 
a dominant gene, it may be useful as a new 
marker. The gene is related to the uptake of 
carotenoids from the mid gut into the blood. 
Therefore, the carotenoid binding protein (CBP) 
gene in the mid gut was thought to be the 
most probable candidate for Y. We first isolated 
the carotenoid cDNA from the yellow blood 
strain and the cDNA was inserted downstream 

of the upstream activation sequence of yeast 
transcription factor GAL4. This carotenoid 
gene was introduced into the normal silkworm 
strain with normal white blood and cocoon. 
Expression of the introduced gene was induced 
in the mid gut and middle part of silk gland by 
crossing transformants with the GAL4 strain. 
We found that the blood becomes yellow when 
it is expressed in the mid gut and that yellow 
cocoons can be produced when the carotenoid 
binding protein gene was expressed in the 
mid gut and middle part of silk glands (Fig. 2). 
From these results we concluded that Y is the 
carotenoid-binding protein gene. 
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Development of a system for regulating an 
introduced gene in transgenic silkworms
　To develop an efficient expression system for 
an introduced gene, we have studied the effect 
of different types of GAL4 on the expression 
of the transgene under the control of UAS. We 
constructed six different types of the genes 
in which p65, V16, Bombyx REL and RELISH 
domains were substituted into the activator 
domain sequence of GAL4. The activity of the 
improved GAL4 gene was tested with that of 
original GAL4 and delta GAL4 in the cultured 
cells. From the experiment, we found that the 
substitution of activator sequence of GAL4 
with p65 and V16 is very effective. The GAL4 
with p65 activator domain and V16 showed 
100- and 10-fold increases of the activity, 
respectively, compared to the original GAL4. 
We have started to make new vectors using the 
improved types of GAL4 for the expression of 
foreign genes and are testing their usefulness 
in making transgenic silkworms.

Improvement of a production system for 
recombinant proteins in the middle part of silk 
glands 
　To develop systems for production of useful 
recombinant proteins in the middle part of 
silk glands, we studied the effect of factors 
controlling the amount of recombinant proteins 
in the transgenic silkworms. We first tested 
the effect of the signal peptide sequence from 
the proteins. Comparison of different sequences 
of the signal peptides showed that the most 
efficient signal was from the sericin 1 gene. 
The sequence of mammalian origin was rather 
low compared to that of insect origin. We also 
studied the effect of the introns from sericin1 
and fibrohexamarine/p25 genes.  Both introns 
were thought to be effective for the increase 
of the production of the recombinant proteins. 
The study investigating the effect of the Kozak 
sequence on the production of proteins showed 
that the use of a proper Kozak sequence is 
crucial. In addition, we tested the effect of the 
sequences of TATA region in UAS vector 
on the expression of the transgene. From the 
results obtained from these experiments, we 
succeeded in constructing very efficient vectors 
compared to the previous systems. 

Fig. 2 The larvae (left) and cocoons (right) of the transgenic silkworm expressing carotenoid binding 
protein in the mid gut and middle part of silk gland by GAL4/UAS system
The yellow larva and cocoon are transgenic. The white and opaque larva and white cocoon are non-
transgenic as a control.

30  Annual Report 2008



Breeding of new silkworm strains for the 
production of recombinant protein 
　To breed new silkworm strains that are 
adapted for the production of recombinant 
proteins, we crossed Nd-sD mutant strain 
with the Japanese and Chinese parent strains 
that have high productivity. We found that 
this breeding works very well and markedly 
increases the ratios of larvae that make 

cocoons and become pupa. The breeding was 
also applied for the transgenic strains with 
the fluorescent protein gene. The cocoons of 
the strains with the green fluorescent and red 
cocoons were much improved. As shown in 
Fig.3, the size of cocoon is increased and the 
color in the cocoon and silks becomes more 
evident.  

Fig. 3 Cocoons and silk with green and red fluorescence by newly bred transgenic 
silkworm strains
Upper panel, cocoons observed by visible light; middle panel, cocoons by fluorescent 
light; lower panel, silks by fluorescent light.
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Gene knocked out pigs produced by somatic 
cell cloning
　There  i s  increas ing  awareness  tha t 
mouse models often do not replicate human 
diseases such as cancer and infectious and 
cardiovascular diseases. This disadvantage 
of mouse models can be overcome by use 
of pigs because anatomy, physiology and 
gene expression patterns in pigs are more 
closely matched to those of humans. Genetic 
modification, especially gene targeting, is 
a powerful technology to produce animal 
models for human diseases. Although practical 
embryonic stem (ES) cells have not been 
established in pigs, nuclear transfer technology 
will provide the opportunity to apply gene 
targeting initially developed for mouse ES 
cells to cultured somatic cells as donor cells. 
The somatic cells collected from female fetus 
were targeted at immunologically related 
genes. Three targeted colonies were obtained 
from 597 G-418-resistant colonies selected 
after transfection with the targeting vector. 
One targeted colony was used for nuclear 
transfer as donor cells and 9 cloned fetuses 

were obtained at 32 or 39 days of gestation. 
PCR and Southern analyses showed that 6 of 
9 fetuses were successfully targeted at the 
gene. The subsequent nuclear transfer resulted 
in the birth of 31 cloned piglets, including 14 
stillbirths. Four apparently healthy cloned pigs 
have survived to date. All cloned piglets were 
confirmed to be heterozygous knock-outs at the 
targeted gene locus. Results from these studies 
demonstrate that the gene targeting by somatic 
cell cloning is by no means inferior to the 
targeting technology established for ES cells 
(Fig.1). 

T ransgenic Animal Research Center

Fig. 1 Production of gene knocked out cloned pigs

Production of transgenic goat for ‘Pharming’
　We have established a production system 
for transgenic (Tg) goat by using somatic cell 
nuclear transfer (SCNT) technique.  We have 
produced transgenic goats expressing the 
human selenoprotein P (Sel P) gene under the 
control of the bovine beta-casein core promoter 
for expression in the mammary gland.  In this 
year, we produced three Tg offspring (two 
male and one female) by natural mating the 
Tg goats with wild type females. There was no 

32  Annual Report 2008



abnormality in their growth and physiological 
parameters, such as body temperature, RBC 
count, hematocrit value, liver function and 
renal faction at least until 6 months after birth.  
To improve expression level and mammary 
gland specificity, we developed a new construct 
(LA-SSP1 BAC vector last year that included 
the lactalbumin gene from human BAC clone 
and the coding exon of human Sel P as the 
product (Fig.2).  This year, we introduced the 
construct into goat embryo fibroblast cells by 
electroporation.  Transgenic goat cells were 
subjected to SCNT to produce transgenic 
cloned goats.  Finally, we started a new project 
to generate transgenic goats which produce 
milk having anti-bacterial function against 
Helicobacter pylori. 

Fig. 2 Pulse-field electrophoresis of LA-SSP1 BAC vector (left) and integration of LA-SSP1BAC 
vector in the goat cell (right)

Contr ibut ion of test icular  and ovar ian 
gonocytes to germline lineage of recipient 
chicken embryos
　The spermatogonia population in the testes 
contains stem cells. Culture of these stem cells 
provides a novel method for manipulating 
chicken germline in vitro. The present study 
was carried out to examine whether testicular 
and ovarian gonocytes obtained from 20-day 
incubated chick embryos have the ability to 
migrate to the germinal ridges and contribute 

to the germline lineage after transfer into the 
bloodstream of recipient embryos.  Testicular 
and ovarian gonocytes were identified as 
relatively large cells and their proportions in 
the total gonadal cells were 0.94 % and 0.75 % , 
respectively, recognized as CVH-positive cells 
(Fig. 3). Then, the dissociated gonadal cells 
containing testicular or ovarian gonocytes were 
transfected with GFP gene, and transferred into 
2.5-day recipient embryos.  GFP fluorescence 
was observed in the gonads of  6 .5 -day 
cultured recipient embryos, suggesting that 
the transferred gonocytes have the ability 
to migrate to the germinal ridges and enter 
the gonads.  Furthermore, the donor-derived 
DNA was detected in the gonads of 20-day 
cultured recipient embryos of both sexes and 
in the sperm obtained from the hatched male 
putative chimeric chickens, suggesting that the 
transferred testicular and ovarian gonocytes 
were incorporated into the germline of chimeric 
embryos and chickens. Thus, testicular and 
ovarian gonocytes obtained from 20-day 
incubated embryos have the ability to migrate 
to the germinal ridges after transfer into the 
bloodstream of recipient embryos, enter the 
gonads and contribute to the germline lineage 
of chimeric embryos and chickens.
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Fig. 3 Gonocytes obtained from testis (A) or ovary (B) of 20-day incubated embryos 
Arrows indicate testicular or ovarian gonocyte identified by immunostaining with anti-CVH antibody.

Development of transgenic mice, immortalized 
cell lines and novel tissue culture models 
　Antibody technologies have been integrated 
in various fields of modern life sciences, not 
only for clinical studies but also for functional 
analysis of proteins.  Intracellularly expressed 
antibody fragments (intrabodies) are small 
single-chain molecules composed of one heavy 
chain variable region linked to another light 
chain variable region.  Intrabodies have smaller 
sizes (about 30 kDa), yet retain similar binding 
specificity and affinity to those of the parental 
anbibodies. We have constructed two types 
of intrabodies from the hybridoma clones 
which recognize the intracellular domain 
of a cell surface receptor. Expression and 
specific binding of these intrabodies to the 
target molecule were confirmed in the gene-
transfected NIH3T3 cells. To develop transgenic 
mice expressing these intrabodies, the DNA 
constructs were injected into fertilized mouse 
eggs. From about 200 injected eggs, we 
established seven transgenic mouse strains. The 
intrabody constructs were expressed in the 

spleen cells of the transgenic but not the wild-
type mice (Fig. 4). Studies on the inhibitory 
effects on the target receptor functions and the 
resultant phenotypes of these transgenic mice 
are now in progress. 
　We previously succeeded in converting a 
soft and turbid disk of type-I collagen gel into 
a strong and transparent vitrigel membrane 
utilizing a concept for the vitrification of heat-
denatured proteins and have demonstrated 
its protein-permeability and advantage as a 
scaffold for reconstructing crosstalk models 
between two different cell types.  In this study, 
we prepared a collagen vitrigel membrane 
containing vascular endothelial growth factor 
(VEGF) to investigate the property as a carrier 
of growth factor. As a result, the collagen 
vitrigel membrane containing VEGF showed 
sustained release of VEGF in vitro and its 
subcutaneous transplantation into a rat resulted 
in remarkable angiogenesis (Fig. 5). These data 
suggest that the collagen vitrigel membrane is 
useful for drug delivery systems (DDS) in vivo.

34  Annual Report 2008



Fig. 4 Development of transgenic mice expressing scFv-intrabodies

Fig. 5 Collagen vitrigel membrane useful for drug delivery systems
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Division of Genome and Biodiversity Research

　The Division aims to develop and refine 
agro-bioresources for crop breeding and basic 
research based on the genome resources, 
genome information, genome analysis methods, 
and genetic resources developed or collected 
in NIAS. In addition, the Division aims to 
facilitate distribution of agro-bioresources to the 
research community and to efficiently discover 
and utilize genes with important functions by 
using those agro-bioresources. The Division 
also conducts comparative genomics studies by 
applying the results of rice genome research 
to other grass family crops and has initiated 
genome research on soybean.
　The Division consists of six research units 
and research aims of each unit are summarized 
as follows:

Plant Genome Research Unit
　The Unit aims to collect and sequence 
rice and barley full-length cDNAs which are 
useful resources for identification of important 
genes and analysis of their functions. In 
addition, comparative genomics studies on 
wild rice species and grass family crops will 
be conducted with the aim of discovering and 
utilizing useful genes.

Bioinformatics Research Unit
　 T h e  U n i t  a i m s  t o  d e v e l o p  a  n e w 
bio informatics plat form which enables 
researchers to analyze a large amount of 
biological information by comparing genome 
sequences and cDNA sequences of different 
species. By using this system, the Unit aims to 
identify genes with important functions.

Genome Resource Center
　The Center aims to produce resources useful 
for functional analysis of rice genes, such as 
mutant rice lines and transgenic rice lines 
over-expressing a large collection of full-length 
cDNAs of rice, and to develop a database by 
integrating information obtained by the analysis 
of those resources. In addition, the Center aims 
to facilitate the maintenance and distribution of 
genome resources to the research community.

Genebank
　Genebank aims to collect, preserve, evaluate 
and distribute plant, animal and microorganism 
genetic resources for breeding and research. 
To facilitate the efficient utilization of genetic 
resources, Genebank also aims to develop core 
collections of wild rice and Vigna species.

Institute of Radiation Breeding
　The Institute aims to develop breeding 
materials with new traits such as disease 
resistance and high content of health-promoting 
ingredients.  In addition, the Institute aims to 
develop radiation-induced mutant rice lines 
for identification and functional analysis of 
agronomically important genes.

Soybean Genome Research Team
　The Team aims to conduct genome research 
on soybean, a major source of protein and 
vegetable oil for animal and human nutrition, 
and to develop methods for isolation of useful 
genes and efficient breeding. The team started 
in June 2006.

　Major topics in the Division in the fiscal year 
2007 are described as follows.

36  Annual Report 2008



　The Unit has contributed to construction 
and analysis of various genome resources from 
rice and other Gramineae species. With a goal 
of understanding the process of domestication 
and adaptation of cultivated rice, we are 
investigating the sequence diversity in a 
number of genes with functions known to be 
related to yield, heading-date, shattering and 
as well as plant architecture using the world 
collections of cultivated and wild rice. Through 
analysis of the molecular evolution of the 
Hd6 quantitative trait locus for photoperiod 
sensitivity in a total of 20 cultivated varieties 
and wild rice species, we found 74 polymorphic 
(segregating) sites within its coding region (1002 
bp). Five of the 74 sites were nonsynonymous 
substitutions indicating that the natural 
mutations and modifications of the coding 
region of Hd6 have been suppressed during its 
evolution. A nonsynonymous substitution (a 
premature stop codon and nonfunctional allele) 
in the japonica variety ‘Nipponbare’ compared 
to Oryza sativa and Oryza ruf ipogon populations 
suggests this point mutation happened recently, 
probably after the introduction of Chinese 
rice to Japan, and is, in part, involved in rice 
adaptation to high latitudes. Phylogenetic 
analysis and genome divergence using the 
entire Hd6 genomic region confirmed the 
current taxonomic sections of Oryza and 
supported the hypothesis of independent 
domestication of indica and japonica rice. 
Further studies on the sequence diversity of 
other functional genes are now underway that 
will not only bring insight into the molecular 
evolution of genes involved in the domestication 
and adaptation of rice but also lead to discovery 
of new alleles useful for rice breeding. 
　The genome sequences of O. sativa and its 
progenitors are expected to show extensive 
base substitutions and rearrangements and it 
would be difficult to reconstruct the genome 
sequences of wild rice relatives based on the 

sequences from cultivars. Massively parallel 
short reads from pyrosequencing analysis 
could provide more than 20 million bases of 
sequence data with much less cost and less 
time than with Sanger analysis. Therefore, we 
conducted a study to compare data obtained 
by the two sequencing methods. Eight BAC 
clones from an O. ruf ipogon (AA species) were 
chosen from a fingerprint contig of the OMAP 
BAC library (Arizona Genomics Institutes). 
This contig corresponds to an 800-kb region 
of the short arm of Nipponbare chromosome 6 
and is expected to contain two genes for rice 
flowering (Hd3a and RFT1). DNA of each BAC 
clone was purified individually and then mixed 
for pyrosequencing on a GS20 genome analyzer 
(Roche). The output from this analysis (ca. 20
× coverage) contained 286,639 reads. Of these, 
169,130 reads were mapped and 16,123,462 bases 
were aligned to the corresponding Nipponbare 
sequences, forming 1,422 mapped contigs that 
cover 57.5% of the entire genomic region. 
　To compare these sequences with those from 
Sanger sequencing, we shotgun-sequenced one 
BAC clone in the corresponding region and 
assembled the shotgun-reads to form contigs. 
Each contig sequence from pyrosequencing 
was aligned to its corresponding Sanger 
sequence by BLAST alignment. Statistical 
results from this comparison are shown in 
Table 1. Comparing only high quality (HQ 
sequence quality score > either 30 or 40) 
nucleotides gave an overall error rate of 
0.0409% or 0.0359% . This means that the high-
coverage reads from pyrosequencing show 
more than 99.95% accuracy. We also compared 
nucleotide sequences of Hd3a (one of the rice 
heading date QTL, corresponding to FT gene of 
Arabidopsis) between O. sativa cv. Nipponbare 
(by Sanger method) and O. ruf ipogon (by 
pyrosequencing). Only 3 SNPs and no in/del 
were found in exons (540 coding nt), whereas 
many deviations (20 SNPs, 6 indels) were found 

P lant Genome Research Unit

Annual Report 2008  37



in introns; this was evolutionally reasonable. 
This sequence conservation might indicate that 
Hd3a is functionally important and under strong 
selection pressure.

Table 1 Statistical results of the comparison between Sanger sequencing and pyrosequencing

　Rice genome studies revealed that not only 
gene sequences but non-coding regions are 
important targets for genome functions and 
evolution. Cis-elements in the promoter regions 
of genes and trans-acting transcription factors 
are major biological features to be characterized 
if we are to achieve an understanding of 
the systems that regulate gene expression. 
Identif ication of candidate cis -e lements 
corresponding to genes is now possible 
through the use of available sequence and 
genome mapping information in combination 
with information about the responses of genes 
to specific experimental conditions; such 
responses have been elucidated by using the 
gene expression profiles now publicly available. 
Exhaustive sequence analysis using available 
public databases can identify cis-element 
candidate motifs for further examination, 
but such approaches are not efficient. One 
confounding factor is that public databases are 
independently constructed and not generally 
optimized to facilitate the integration of 
information from many sources with local 
experimental data. A more perplexing issue for 
experimental researchers who are not familiar 
with bioinformatics techniques is the challenge 

of finding unknown but biologically notable 
relationships among genes, cis-elements, and 
experimental conditions from the huge number 
of possible combinations generated by large 
experimental datasets. To resolve some of these 
issues, we developed a novel data mining tool to 
identify cis-elements in the rice genome (Fig. 1). 
It performs the complex bioinformatics analysis 
mentioned above, and then lists cis-element 
candidates for genes. The genes can be grouped 
by similarity of expression profiles and other 
criteria for assessment by researchers, and the 
tool then annotates them with related public 
database information. Our novel tool searches 
for cis-element candidates in the upstream, 
downstream, or coding regions of differentially 
regulated genes. The tool first lists cis-element 
candidates by motif searching based on the 
supposition that if there are cis-elements 
playing important roles in the regulation of 
a given set of genes they will be statistically 
over-represented and will be conserved. It then 
evaluates the likelihood scores of the listed 
candidate motifs by association rule analysis. 
This strategy depends on the idea that motifs 
over-represented in the promoter region 
could play specific roles in the regulation of 
expression of these genes. The tool is designed 
so that any biological researcher can use it 
easily at the publicly accessible Internet site 
http://hpc.irri.cgiar.org/tool/nias/ces. 
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Fig. 1  A data mining tool to identify cis-elements in the rice genome

　The rice proximal telomeric arrays were 
found to be composed of blocks of the canonical 
sequence and substituted variants such that 
copies of ATTAGGG, CTTAGGG, GTTAGGG, 
TTCAGGG, TTGAGGG, or TATAGGG were 
arrayed in tandem, or the same subtypes were 
located close to each other in a chromosome-
specific manner. These results suggest that 
the variants might have arisen from the rapid 
expansion of a single mutation rather than from 
the gradual accumulation of random mutations.
　We also have focused on isolation and 
analysis of genes for agronomic traits of the 
Triticeae group. Studies of flowering time 
determination of wheat and barley and in 
comparison with rice are quite interesting 
because the light response for flowering is 
completely opposite between rice (short-day 
plant) and wheat and barley (long-day plant) 
even though all three are Gramineae species.  
Last year we had succeeded in  introducing 
the wheat FT gene, a key gene for flowering 
known as a “Florigen”, into wheat cells and 
had observed the accelerated flowering in 
some of the transgenic plants. This indicated 
that FT has a key function for flowering in 
wheat, like rice and other plants.  It is well 
known that FT is a member of a small gene 
family and cereal plants including rice, barley 

and maize have about 20 members in the FT-
like gene family, but the functional differences 
among different members in this family are still 
unclear.  This year we analyzed five FT-like 
genes in transgenic barley plants using QTL 
and expression analyses to clarify their role 
in flowering.  We obtained preliminary data 
suggesting that the barley FT-like genes not 
only retained their conserved structure among 
cereal plants on one hand but also revealed 
their diversification of expression and function 
between rice and barley.  Further study is now 
under way to understand the differences in the 
molecular mechanisms of flowering between 
rice and wheat/barley.  
　In cultivated barley (Hordeum vulgare ssp. 
vulgare), six-rowed spikes produce three times 
as many seeds per spike as two-rowed spikes. 
The determinant of this trait is the vrs1 gene 
located on chromosome 2H. Barley chromosome 
2H is syntenous with rice (Oryza sativa) 
chromosomes 4 and 7. A rice genomic sequence 
covering a 980kb contig in chromosome 4 
identified a total of 22 barley ESTs linked to 
vrs1 in chromosome 2H. The linear order of 
these markers was identical in barley and 
rice. The genetic window containing vrs1 was 
0.06cM, which covered a 518kb barley BAC 
contig. An analysis of the contig sequence, 
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however, revealed that a rice orthologue of 
Vrs1 is present on chromosome 7, suggesting 
a transposition of the chromosomal segment 
containing Vrs1 within barley chromosome 2H. 

The breakdown of micro-collinearity illustrates 
the limitations of synteny cloning, and stresses 
the importance of implementing genomic 
studies directly in the target species.

Updates and improvement of an annotation 
pipeline
　We developed an annotation system for the 
rice genome which has been used for the Rice 
Annotation Project (RAP).  Although the system 
adequately covers most functions to determine 
genic regions in a genome, the process of the 
annotation was not completely automated and 
manual operations were needed in several 
steps.  For better efficiency of our automated 
annotation, we attempted to improve a genome-
cDNA comparison function of the system, which 
was one of the most computationally-expensive 
processes.  The current updated system can 
handle the whole cDNA-genome comparison 
procedure merely by a single command on a 

Linux-based PC cluster.  Since the output file is 
formatted in the GFF style (http://www.sanger.
ac.uk/Software/formats/GFF/), results of our 
annotation pipeline can be accepted by widely 
used bioinformatics programs, such as GBrowse 
and Apollo.  To extend the use of our system, a 
module was adopted as a part of the TriAnnot 
pipeline that has been created to annotate bread 
wheat genomic DNA by L'Institut National 
de la Recherche Agronomique.  The module 
functions in TriAnnot, and efficiently predicts 
or identifies wheat gene structures (Fig. 2).  
We expect that our system can be generalized 
and be applied for annotation of other plant 
genomes in the future.

B ioinformatics Research Unit

Fig. 2  A genomic view of a bread wheat DNA segment, in which genes were identified 
by our module, "RAP-like."
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　The annotation of japonica rice, Nipponbare, 
was updated to reflect the release of a 
new genome assembly constructed by the 
International Rice Genome Sequencing Project 
was released and the registration of a large 
number of 5'/3' end sequences of full-length 
cDNAs in the public DNA databanks. The 
annotation data are available from our database, 
RAP-DB (http://rapdb.dna.affrc.go.jp/) (Fig. 3a).  
The latest version of RAP-DB includes another 

gene annotation set provided by National Center 
for Biotechnology Information, a retrotransposon 
annotation created by RetrOryza, and massively 
parallel signature sequences produced by a 
group at the University of Delaware.  Users can 
align a DNA sequence to the genome and view 
the alignment results on our genome browser.  
Mutant resources can be searched in a region 
of users' interest (Fig. 3b).

Fig. 3 The top page of the new version of RAP-DB (a:upper)  and mutant resources are 
displayed alongside genes (b:lower)
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Comparative sequence analysis between rice 
and other plants
　We attempted to identify orthologs between 
rice and other major cereals.  The rice protein 
data set created by RAP was subjected to 
BLASTP searches against proteins of wheat, 
barley, maize ,  sugarcane, and sorghum.  
Alignments that showed 50% or more amino 
acid identity were selected.  These candidates 
were compared with protein sequences of 
Arabidopsis and other species, and then 
homologs were clustered.  The homologs of 
clusters were aligned by the Clustal W program 
and phylogenetic trees were constructed by 
the neighbor-joining method.  If the topology of 
a tree was consistent with that of the known 
species tree, the rice protein and other cereal 
proteins were regarded as orthologs (Table 

2).  These ortholog data will be a basis for 
comparative analyses of cereal species.

Table 2  Orthologs between rice and other cereals

　In addition, we clustered homologs of rice and 
Arabidopsis proteins, and they were grouped 
into gene families.  The proteins were subjected 
to all-to-all BLASTP comparison.  Homologs 
detected were clustered by the MCL method.  
As a result, the numbers of possible gene 
families that contained two or more proteins 
were 5,266 in rice and 3,984 in Arabidopsis.  
The largest family was that of kinase in either 
species.  Large gene families of zinc-finger 
and F-box proteins were also observed.  Since 
functions of a large number of proteins have not 
been validated by experiments, the information 
of gene families as well as orthologs is expected 
to contribute to further functional genomic 
studies.

42  Annual Report 2008



Genome-wide elucidation of gene functions 
using large populations of transgenic rice 
plants overexpressing individual full-length 
cDNAs 
　The Rice Annotation Project (2007) has 
estimated the number of rice protein-coding 
genes to be 28,540. Among these genes, almost 
75 % have unknown function and about 29 % 
exist as multigene families. A variety of loss-
of-function resources for gene-tagging such as 
Tos17 retrotransposon and T-DNAs have been 
demonstrated to be of great use in assigning 
functions to those rice genes. Alternative 
approaches through gain-of-function strategies 
such as activation-tagging and the Full-
length cDNA Over-eXpresser gene (FOX) 
hunting systems could complement the loss-
of-function approach. Furthermore, gain-of-
function mutations could be powerful tools for 
elucidating redundant gene functions since loss-
of-function mutations in the redundant genes 
often show no obvious phenotypes. So far, in 
addition to high-quality rice genome sequence, 
a full-length cDNA (FL-cDNA) collection 
is also available for rice. A highly efficient 
transformation protocol via Agrobacterium has 
also become a reliable method for rice genetic 
transformation. Accordingly, the FOX-hunting 
system to generate gain-of-function phenotypes 
of transgenic plants overexpressing individual 
FL-cDNAs could be a very efficient strategy 
to analyze and/or discover functions of rice 
genes with agronomic importance or unknown 
functions. Initially, a rice-FOX Agrobacterium 
library was obtained using a maximum of 13,980 
FL-cDNA clones derived from RIKEN. Each 
chimeric FL-cDNA insert was placed under 

the control of maize Ubiquitin-1 gene promoter 
conferring high-level constitutive expression 
in rice and at this time we have generated ～
12,000 FOX-rice plants (T0 generation).
　To determine which RIKEN FL-cDNAs were 
introduced into individual transgenic lines, 
genomic PCR was performed with 10,219 FOX-
rice plants to amplify FL-cDNA(s) integrated 
in each line. The PCR amplification of FL-
cDNAs was detected in 8,615 lines, and an 
average of 1.04 FL-cDNAs were introduced in 
8,615 individual lines. Subsequently, sequencing 
analysis identified FL-cDNAs in 8,225 out of 
the 8,615 lines. Those cDNAs were classified 
into 5,462 independent ones, indicative of the 
integration of a variety of FL-cDNAs into the 
FOX population.  Of the FOX lines examined 
visually approximately 16.6% exhibited altered 
growth or morphological characteristics. 
Representative and impressive phenotypes 
observed in some FOX-rice lines are shown in 
Fig. 4. These dominant phenotypes are expected 
to be very useful indicators for gene discovery 
and functional analysis. In addition, other 
FOX-rice lines showing no visible phenotypes 
could be used to screen mutant line(s) bearing 
altered responses to various types of stress.  
Another set of FOX-rice plants (so far 2,508 
lines) has also been generated using a mixture 
of rice-FOX GATEWAY libraries comprised 
of 13,823 FL-cDNAs from FAIS (Foundation 
for Advancement of International Science) and 
grown to maturity to obtain progeny seeds. 
This work is being conducted in collaboration 
with the Plant Science Center ,  RIKEN 
Yokohama Institute.

G enome Resource Center
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Fig. 4 Representative phenotypes of FOX-rice lines. Line names are indicated in the corresponding photographs
T0 plants were grown for 7 weeks (A) or 14 weeks (B, C, F) on soil after transfer from hormone-free medium, or for 2 
weeks on hormone-free medium after transfer from regeneration medium (E). (D) T1 seeds were sown and grown on 
callus-induction medium containing 2 mg/L 2,4-D.  Bars = 10 cm in A, C and F, 1 cm in E, and 0.1 cm in D.
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　The NIAS Genebank Project consisting of 
plant, microorganism, animal, and DNA sections 
has been implemented in collaboration with 
the National Agriculture and Food Research 
Organization (NARO), several organizations in 
public and private sectors, and international 
ins t i tu t ions .  The Genebank Pro jec t  i s 
coordinated as a center for activities including 
the exploration, collection, characterization, 
diversity studies, evaluation, preservation, 
multiplication, and information management of 
genetic resources (GRs).
　In fiscal year 2007, international collaborative 
field studies were carried out in cooperation 
with relevant research institutes in the partner 
countries. The Project dispatched scientists to 
explore Citrus GRs in Korea, Pyrus GRs in China, 
Cucumis and Solanum GRs in Laos, legume and 
cereal crops and their wild relatives in Bhutan, 
millet and Vigna GRs in Tamil Nadu, India. The 
Microorganism Section dispatched scientists 
for the collection of lactic acid bacteria from 
Tibetan traditional silage and ‘Qula’ cheese, 
a Tibetan traditional yak cheese in China, 
and for the exploration of rice blast fungus in 
Myanmar. Seven exploration missions were 
organized by the plant section to explore 
different GRs inside Japan: Saccharum GRs in 
Kochi and Ehime prefectures, millet GRs in 
Shiga prefecture, wild Vigna and Glycine GRs 
in Tottori, Hyogo, Kyoto, Saga, Hukuoka and 
Oita prefectures, Glycine soja GRs in Shizuoka, 
Akita, Nagano, Hukushima, Tochigi, Chiba and 
Ibaraki prefectures, Malus and Pyrus GRs in 
Toyama and Ishikawa prefectures, Citrus GRs 
in Nagasaki prefecture, wild Vaccinium GRs 
in Toyama prefecture. Three missions in the 
Southwest area of Japan were organized by the 
Microorganism Section: dark-septate endophytic 
fungi (DSE) in the islands of Kagoshima 
and Okinawa prefectures; plant pathogenic 
coelomycetous fungi in Kagoshima and Okinawa 
prefectures; and chrysanthemum stunt viroid in 

the island of Kagoshima prefecture. In addition, 
sub-banks performed explorations of their own 
and registered the collected materials in the 
Genebank system. 
　The total numbers of GRs preserved at 
the NIAS Genebank and partner institutions 
are 243,463 accessions of plant GRs, 24,982 
accessions of microorganism GRs, and 953 
accessions of animal GRs at the end of FY2007. 
In FY2007, 6,150 accessions of plant GRs, 1,084 
accessions of microorganism GRs and 245 
accessions of animal GRs were distributed 
to domestic and foreign users for basic and 
applied research. Passport and characteristic 
data of freely distributable accessions were 
uploaded onto the website (http://www.gene.
affrc.go.jp/).
　Disclosure of GR-related information and 
in-house information management are very 
important for gene bank functions. The NIAS 
Genebank website has been renovated to 
provide correct and useful information about 
GRs to various users. Azuki bean (Vigna 
angularia) and black gram (Vigna mungo) SSR 
information has been released on the website. 
The plant GRs collection sites searching system 
is based on the characteristics/evaluation data 
and a Japanese version has been developed for 
the website. It is important for the Genebank 
database system to clarify the relationship 
between the conserved GRs and the researchers 
engaged in GRs conservation. We introduced 
a researcher code database into the system 
to document these relationships. The plant 
data manipulation programs of passport data, 
characteristics/evaluation data and storage 
data have been redeveloped to incorporate 
researcher codes.

Origin, Crop Evolution and Genetic Diversity 
of two Asian Vigna cultigens: Azuki bean and 
Mungbean
　Domestication of crops from their wild 

G enebank
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Fig. 5  A summary of the domestication and fitness related QTLs detected on each linkage group in 
a population derived from the cross between cultivated and wild azuki bean
The sign “＋” and “–“ after trait name indicate positive and negative effect of allele from cultivated 
azuki bean on the trait. QTLs of traits expressing overdominance are indicated with “od”.
(Seed size: SD100WT, SDL, SDW, SDT, Leaf size: LFPL, LFPW, LFML, LFMW, Pod size: PDL, 
PDW, PDDM: PDDM25, PDDM50, PDDM75, PDDM100).
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relatives involves genetic changes. Unraveling 
these genetic changes can provide insights 
into ways to improve crop plants. For example, 
we have found that, on a per plant basis, wild 
soybeans yield more seed in number and 
weight than cultivated soybeans. A particular 
focus of research has been domestication of 
azuki bean (Vigna angularis var. angularis). 
Based on a genetic linkage map developed from 
a cross between wild and cultivated azuki bean 
162 QTLs were identified for 46 domestication 
related traits (Fig. 5). Domestication of azuki 
bean has involved a trade-off between seed 
number and seed size. Fewer but longer 
pods and fewer but larger seeds on plants 
with shorter stature in cultivated azuki bean 
has been achieved at the expense of overall 
seed yield. Genetic variability[??] related to 
germination and flowering time in cultivated 
azuki bean may confer a selective advantage to 
the hybrid derivatives under some ecological 
conditions and explain why azuki bean has 
evolved as a crop complex in Japan.

　Core collections in the genebank are being 
developed for various crops and their wild 
relatives. Cultivated and wild mungbean [Vigna 
radiata (L.) Wilczek] accessions were analysed 
using 19 SSR primers in order to develop a core 
collection for this germplasm. In total 309 alleles 
were detected and of these about twice as many 
were detected in wild (257 alleles) compared to 
cultivated accessions (138 alleles). The results 
show that Australia and New Guinea represent 
a distinct center of diversity for wild mungbean 
(Fig. 6). Cultivated mungbean has greatest 
diversity in South Asia, which supports the 
view that this crop was domesticated in South 
Asia. SSR marker allelic diversity for cultivated 
mungbean has distinct regional variation with 
high variation in South and West Asia. This 
study not only resulted in a core collection for 
mungbean but also highlighted the specific 
genetic diversity that might be used to broaden 
the genetic base of currently grown mungbean 
cultivars.

Fig. 6  The PCA  shows results of SSR polymorphism from 415 cultivated, 189 wild and 11 intermediate mungbean 
accessions (Red – cultivated, blue – wild, purple – intermediate)
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Re-identification of Fusarium strains preserved 
at the NIAS Genebank (Microorganism 
Section) based on molecular phylogenetic 
analyses
　It is very important that the microorganism 

GRs stored at the NIAS Genebank are labeled 
acurately because the strains distributed are 
mostly used as reference for various purposes, 
such as species identification and pathogenicity 
testing. The Microorganism Section of the NIAS 

Fig. 7 Neighbor-joining (NJ) phylogenetic tree of 124 strains deposited at the NIAS Genebank under 
the name of Fusarium oxysporum inferred from DNA sequences of the Histone H3 gene region
Data of 11 typical strains belong to nine other species are also included for comparison to estimate 
the species border of F. oxysporum and for an outgroup taxon. One hundred twenty six strains 
proved to belong to the F. oxysporum complex consisting of 21 haplotypes divided into three major 
clades, but 26 strains were non-F. oxysporum strains, including a new species and three newly 
recorded species of Fusarium from Japan.
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Identification of insect cultured cell lines by 
Random Amplified Polymorphic DNA (RAPD) 
technique
　The NIAS Genebank has preserved 59 
accessions of cultured insect cell l ines.  
Cultured cell lines are difficult to distinguish 
from each other; therefore, it is necessary to 
develop a reliable method for differentiating 
cell lines from each other. 
　In 2007, 39 cell lines were established from 
various tissues of Lepidoptera , Hymenoptera , 
Coleoptera and Diptera species. The Random 
Amplified Polymorphic DNA (RAPD) technique 
was highly effective for discrimination among 
insect cultured cell lines (Fig. 8). RAPD patterns 
were highly similar for cell lines derived from 
the same species and among related species, 
but it was possible to discriminate each insect 
cell line within these species. Insect culture cell 
lines derived from the different species showed 
low similarity in RAPD pattern analysis.

Fig. 8  RAPD pattern of insect cultured cell lines
Lane M: 200bp DNA Ladder (2.5μl), Lane 1: NIAS-Bm-aff3, Lane 2: NIAS-Bm-Ke1, Lane 3: NIAS-
Aa-SS13, Lane 4: NIAS-As-SS4, Lane 5: NIAS-Bm-M1, Lane 6: NIAS-Bm-F1, Lane 7: NIAS-Bm-
oyanagi2, Lane 8: NIAS-Bm-ao1, Lane 9: NIAS-Boma-529b, Lane 10: NIAS-Pss-5, Lane 11: NIAS-
Pv-210, Lane 12: NIAS-Pv-1, Lane 13: NIAS-ClAa-11, Lane 14: NIAS-ClAa-4, Lane 15: NIAS-
Cuox-102, Lane 16: NIAS-Cuox-10, Lane 17: NIAS-Cuox-10-1, Lane 18: NIAS-Hc-2

Genebank has existed for more than 20 years 
and scientific names used for individual GRs 
have gradually become out of date because of 
the progress in the taxonomic system. Another 
urgent requirement is addition of molecular 
IDs (i.e., DNA sequence data) to each of the 
accessioned GRs for quality control purposes. 
　Our  p r ev i o u s  wo rk  f o c u s ed  o n  r e -
identification of Fusarium strains stored at the 
NIAS Genebank, such as the Gibberella fujikuroi 
(F. moniliforme) complex, the F. graminearum 
complex and the F. avenaceum complex. We 
subsequently analyzed DNA sequences of the 
Histone H3 gene region of all 152 strains of the 
F. oxysporum complex preserved at the center-
bank (NIAS) and their taxonomic positions were 
re-evaluated. The Histone H3 gene region has 
ca. 450 nucleotides and contains phylogenetic 
signals suitable for strain identification at the 
species level. 
　Most of the strains (126 strains) deposited at 
the NIAS Genebank were identified to be those 
of the F. oxysporum complex (Fig. 7) consisting 
of 21 haplotypes divided into three major clades. 
However, 26 strains were identified as 10 other 
species, including a new species of Fusarium, 
three newly recorded species of Fusarium 

from Japan and two species of a non-Fusarium 
genus, Acremonium .  Distribution of these 
erroneously-labeled strains to the users was 
stopped temporarily and they were precisely 
reidentified with their correct scientific names. 
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　The research activities of Institute of 
Radiat ion Breeding are focused on the 
development of new strains of seed-propagated 
and vegetatively propagated species and woody 
crops through mutation by the application of 
various forms of irradiation.  Mutations are 
induced by the following radiation sources:  
Gamma Field and the Gamma Greenhouse for 
γ-ray chronic irradiations to growing plants; 
and Gamma Room for γ-ray acute irradiations 
to seed, bulbs, tubers, scions and in vitro 
materials.  The Institute also is involved in 
the development of mutant resources for 
genomic analysis and new technologies for 
plant breeding mainly utilizing γ-ray and ion 
beam irradiation, including the elucidation 
of gene expression mechanisms in mutants.  
The Institute provides irradiation services 
and cooperative research at the request of 
universities, private industries, prefectural 
experiment stations, and incorporated agencies 
of Ministry of Agriculture, Forestry and 
Fisheries.  The major topics in fiscal 2007 are 
as follows:

Induction of a large deletion including the waxy 
locus by thermal neutron irradiation in rice
　Sequence rearrangement of rice waxy (wx) 
mutant “N26” induced by thermal neutron 
irradiation was analyzed by PCR amplification 
and subsequent DNA sequencing .   We 

found that the genome region of “Norin 8”, 
including the Wx locus, had been deleted 
which corresponds to 39,867 nucleotides for 
the japonica cultivar “Nipponbare”. (Fig. 
9). Sequence analysis suggested that a short 
homologous sequence was used for rejoining 
without any addition of nucleotides.  This is 
the first mutant in which a complete loss of 
the Wx locus was induced by thermal neutron 
irradiation in rice.
　Twelve full-length cDNAs in three regions 
and 42 ESTs in four regions are known to be 
included in the deletion of the DDBJ accession 
No. AP002542 (Fig. 9).  Among them, 11 full-
length cDNAs and 31 ESTs overlapped within 
two regions that included the Wx transcript. 
This suggests that at least five independent 
genes are transcribed to produce starch 
granule-bound starch synthase I, three unknown 
proteins, and a phosphate-responsive I family 
protein.  Because the deleted region harbors at 
least five genes, the “N26” mutant should be 
useful for analyzing the functions of these loci. 
　Our study provided the first clear evidence 
on the occurrence of a moderately large 
deletion event in rice as a result of mutagenesis 
caused by irradiation with thermal neutrons. 
Such a large deletion may lead to the complete 
loss of some tandem homologous genes.  This 
deletion event should be useful for elucidating 
the functions of these genes. 

I nstitute of Radiation Breeding

50  Annual Report 2008



Fig. 9 Identification of the deletion event in N26, a wx mutant
(A) Schematic representation of the Wx locus, its flanking regions, and the amplified regions. The six 
boxes indicate the loci of six genes: a gene for the Rad1-like protein (designated as R), the Wx gene 
(designated as Wx), three genes for three unknown proteins, and one gene for phosphate-responsive 
I family protein (designated as P). The dotted box indicates the locus of a presumed gene for beta-
tonoplast intrinsic protein-like (designated as B-T). The black and white bars located above the loci 
indicate the full-length cDNAs and ESTs, respectively. Bars I to VII indicate the regions amplified 
by the primer pairs 1F and 1R to 7F and 7R, respectively (Table 3). The two arrowheads denote two 
breakpoints caused by the thermal neutron bombardment. 
(B) PCR amplification analysis of the DNA regions around the Wx gene. The presence or absence of 
amplified DNA regions was monitored by PCR analysis using the seven primer pairs listed in Table 
3. 2F2-5R and 3F-5R indicate the regions amplified by the primer pairs 2F2 and 5R, and 3F and 5R, 
respectively. Amplified DNA fragments were separated by agarose gel electrophoresis. The presence 
of two amplified products (lanes 16 and 18) was confirmed by DNA sequence analysis. Lanes with 
odd numbers indicate Norin 8; even-numbered lanes indicate N26. “M” denotes 100-bp ladder 
markers.

Table 3. Primer sequences used in the present study
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Mutation induction with ion beam irradiation of 
lateral buds of chrysanthemum and analysis of 
chimeric structure of induced mutants
　We compared the effects of ion beam and 
gamma ray irradiation on mutation induction in 
axillary buds of chrysanthemum, and analyzed 
the chimeric structure of the resulting mutants. 
Axillary buds were irradiated with carbon ions 
at 2 Gy (mean linear energy transfer (LET) 122 
keV/μm), helium ions at 10 Gy (mean 9 keV/
μm), and gamma rays at 80 Gy, all of which 
have similar effects regarding the survival of 
irradiated buds. The lower five nodes of the 
shoots elongating from the irradiated buds were 
cut one by one, and new shoots were allowed 
to grow from the axillary buds. This procedure 
was repeated twice and flower color mutation 
was investigated. Flower color mutants 
emerged at a high frequency (17.4–28.8% ), and 
there were no significant differences in the 
mutation frequency between the treatments. 
Angiosperm plants consist of of cells originating 
from three layers: LI, LII, and LIII. Since the 
roots are known to develop from the LIII tissue, 
the tissue genotype of the LIII layer can be 
determined from the flower color of plants 
derived from roots. Therefore, whether a plant 
is a periclinal chimera or a solid mutant can be 
determined by comparing the flower color of 
donor plants to that of plants derived from their 
roots. All the flower color mutants induced with 
gamma rays were periclinal chimeras because 
the flower color of the mutants differed from 
that of the plants derived from the roots (Table 
4). In contrast, some mutants obtained with ion 
beam irradiations had the same flower color as 
that of the plants derived from their roots. This 

suggests that they were solid mutants, where 
both LI and LIII tissues were derived from the 
same mutated cell. Solid mutants were also 
obtained when irradiated with 5 Gy of helium 
ions, which had less effect on survival and 
mutation than the other treatments. Our results 
showed that both solid and periclinal chimera 
mutants could be produced by properly 
irradiating axillary buds of chrysanthemum 
using ion beams and gamma rays.

Table 4  Comparison of flower color of plants derived from roots of mutants with that of mutants induced with 
ion beam and gamma ray irradiation to buds of chrysanthemum

Influences of acute gamma ray irradiation 
length and degrees of seed maturity on viability 
of tea seeds
　Chronic gamma ray irradiation in the Gamma 
Field is regarded as a useful tool for mutation 
breeding in vegetatively propagated fruit trees 
and tea trees because it can efficiently irradiate 
whole plants and vegetative organs for a 
long period during growth. Acute gamma ray 
irradiation in the Gamma Room applied to plant 
seeds and tubers is also regarded as useful 
for the analysis of irradiation effects as well 
as increasing genetic variation at a rapid rate.  
Mutation breeding of tea trees usually relies on 
chronic irradiation. We conducted this study 
to investigate the usefulness of acute gamma 
ray irradiation for mutation breeding of tea and 
other arbor crops.
　The same total dose of gamma rays, when 
applied over different lengths of time, do not 
always yield the same results. We hypothesize 
that various conditions of the materials, such as 
degree of maturity of the seed, might affect the 
results of irradiation. Therefore, we investigated 
the effects of irradiation by changing harvest 
stage of tea seeds and by changing the time of 
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the irradiation.
　Natural tea seeds were harvested three times 
at the IRB on September 4, October 6, and 
October 26, 2004. The seeds were irradiated by 
gamma rays for three different time lengths, 
2 hours, 20 hours, and 40 hours in the Gamma 
Room. The seeds were sown in plastic pots 
and placed in a greenhouse after irradiation. 
After 17 weeks, we measured survival rate and 
growth (plant length).
　When the same doses of gamma-rays were 
irradiated for 20 hours or 40 hours, the survival 
rate and growth were clearly reduced at 60Gy 

or 70Gy and higher (Fig.10). The survival rate 
and growth were strongly reduced at lower 
dosage (50-60Gy) applied over 2 hours. For 
mature seeds harvested on 10/6 or 10/26 and 
irradiated, survival rate and growth were 
reduced at 60Gy or 70Gy and higher (Fig 11). 
When young seeds were harvested on 9/14, 
reduction of survival and growth also was clear 
at 50 Gy and lower doses. These data suggest 
that we must consider maturity of seeds and 
length of irradiation periods to identify the 
optimum dose for these materials.  

Fig10. Survival rates and growth in relation to length of irradiation of tea seeds
Intact tea seeds harvested on October 6 were irradiated with gamma ray for 2 hours (▲), 20 hours 
(■), 40 hours (○).

Fig11.  Survival rates and growth in relation to time of harvesting (▲9/14, ■10/6, ○10/26) of tea 
seeds 
Intact tea seeds were irradiated with gamma ray for 20 hours.
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　Soybean, Glycine max, is the most important 
legume and is fourth in world crop production 
after rice, wheat and maize. Soybean contains 
abundant protein and oil, which make it a 
major source of nutritious food for humans and 
livestock. In addition, it provides industrial 
products such as soy ink and biofuel. In Japan, 
soybean is an important source of traditional 
staple foods such as tofu, natto, miso and soy 
sauce. In 2007, we launched the soybean genome 
research program to characterize the genome 
structure of Japanese (domestic) soybean and 
to develop methods for effective breeding and 
isolation of agronomically important genes. The 
most serious problem of soybean production in 
Japan is unstable and low yield. To overcome 
this problem, many traits should be improved 
including flood stress resistance, disease and 
pest resistance, low temperature tolerance, 
symbiotic ability and maturity suitable for 
different regions where soybean is cultivated. 
Identification of the responsible genes or 
molecular markers linked to these traits is 
necessary.
　The soybean genome has an estimated 
size of 1.1 Gb. To develop the basic resources 
for analyses of the whole genome, we have 
constructed two bacterial artificial chromosome 
(BAC) libraries from the Japanese soybean 
cultivar Enrei using the cloning restriction 
enzymes HindIII and MboI. We selected Enrei 
as a representative cultivar in Japan for target 
sequencing. The HindIII-library consists of 
about 80,000 clones (210 384-well microplates) 
and the MboI-library consists of about 100,000 
clones (300 384-well microplates) with average 
insert size of 140 kb and 101 kb, respectively 
(Table 5). We have started BAC-end sequencing 
of the clones from these two libraries. By 
July 2008, we obtained about 65,000 paired-
end sequences of BAC clones (Table 6). By 
using Enrei BAC end sequences and Williams 
82 genome sequence, we are constructing the 

BAC-based physical map. This map will show 
BAC clone contigs, the DNA sequence of Enrei, 
and genetic differences between Enrei and 
Williams 82 genomes. Eventually, this map will 
be developed into a genome database and used 
for isolation of agronomically important genes 
in soybean.
　Research on genome mapping of soybean in 
NIAS is very recent, so we currently focus on 
building up the genetic base of soybean and 
a marker development system to accelerate 
breeding in collaboration with soybean 
breeders and researchers in Japan. A genetic 
linkage map with about 1,800 markers has 
been developed in the U.S.  The marker order 
on this map is sometime unclear because 
the information is integrated from several 
linkage maps from different populations. These 
limitations led us to construct a high density 
linkage map of Japanese soybean in order to 
obtain more precise marker information. We 
chose three parents, Enrei, Peking and Williams 
82 for construction of the genetic linkage map. 
Enrei is a well known cultivar with high quality 
for food processing and belongs to maturity 
group 4. On the other hand, Peking has many 
useful characteristics for breeding in Japan 
such as cyst nematode resistance, soybean 
mosaic virus resistance and Phytophthora rot 
resistance.  In addition, Peking shows excellent 
stress resistance for germination in wet 
conditions compared with modern cultivars. In 
Japan, rice paddy fields have increasingly been 
converted to soybean fields. Since seeds are 
sown before or at the beginning of the rainy 
season, excess water in soybean fields causes 
damage to seeds and seedlings and reduces 
final yield. Good germination in wet condition 
has become very important in Japan. We 
started construction of a high density linkage 
map using these progenies. In the beginning, 
genomic SSR markers including markers 
that had been used for MAS or mapping by 

S oybean Genome Research Team
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Name

GMJENa

GMJENb

Average Insert size Total clone number 384 well plate chioropiast DNA
contam ination

140kb

101kb

80.640

115.200

210

300

2%

6%

GMJENa：　　III digest,
GMJENb：MboI digest

GMJENa

GMJENb

0001～0140

37 piates

Total ciones

53760

14208

Sequenced 384-wel
plate

Hind

breeders and researchers were integrated 
into the linkage map to cover the genome 
extensively (Fig.12, black letter). Next, EST-SSR 
markers developed recently by Kazusa DNA 
Res. Inst. were integrated into the map (Fig.12, 
green letter). Currently around 700 markers 
have been located on the map and more than 
2000 markers will be mapped during the next 
three years. Williams 82 is a U.S. cultivar for 
which genome sequence became available in 
January 2008. Gaps in the genome sequence still 
remain within or between many scaffolds. New 
SSR markers based on the scaffold sequence 
data are also incorporated into our mapping 
plan in order to obtain precise assembly of the 
genome sequence. Another linkage map is also 
being constructed for a population between 
Enrei and Williams 82 to supply SNP markers 
for the genomic regions where the high density 
linkage map has gaps.
　The control of flowering time is an important 
objective in soybean because it is critical for 
adapting cultivars to different cultivation areas 
and growing seasons. It had been reported that 
flowering time and maturity are controlled by 

Table 5  Summary of BAC libraries

Table 6  Number of BAC clones end sequenced

6 alleles, E1/e1, E2/e2, E3/e3, E4/e4, E5/e5 and 
J/j. By QTL analysis of flowering time using 
a RIL population derived from Misuzudaizu 
and Moshidou Gong 503, three major QTLs, 
FT1, FT2, and FT3 were found to correspond 
to E1, E2 and E3 respectively. FT1, the most 
effective QTL, was located within 0.1 cM from 
Satt365 of linkage group C2 based on 1,006 
progeny from a residual heterozygous line 
(RHL). The FT1 locus was further analyzed 
with 10 new DNA markers based on PCR by 
using an F3 population consisting of 1,442 
plants derived from a cross between Harosoy 
and Harosoy E1. The genotypes with respect 
to FT1 of 8 recombinants in the F3 population 
were determined by progeny test and the 
locus was localized to a 300kb region (Fig. 13). 
This region was covered by two BAC contigs 
from Misududaizu and Williams 82. About 60 
genes including hypothetical and unknown 
proteins were found in the region. We are now 
analyzing polymorphisms and expression of 
some candidate genes and are in the process of 
large-scale genotyping of F5 seeds to narrow 
the region of the FT1.
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Fig. 12  A linkage map of the F2 population between Enrei × Peking using SSR markers

Fig.13  A physical map around the FT1 region
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Division of Plant Sciences

　Agricultural crops are important resources 
for human food and biomass energy. Food 
shortage in the near future is a serious concern, 
considering ongoing population growth and 
loss of potential cultivation areas in the world 
due to climatic instability and environmental 
destruction due to human activities causing 
unprecedented global warming. Plants grow in 
contact with various microorganisms, some of 
which are pathogens and cause drastic losses 
of crop yields. To stabilize and increase human 
food supplies, it is essential to maintain and 
improve crop productivity even under changing 
and stressful environments. For this purpose, 
profound understanding of plant development 
and functions is essential.
　The Division of Plant Sciences consists 
of six research units that aim to elucidate 
mechanisms of physiological phenomena such 
as plant growth, development, and responses 
to environments and pathogens. These units 
conduct diverse research programs that utilize 
various resources including the complete 
genomic sequence of rice. Also under way is 
the development of basic technologies that 
should lead to improved crop productivity by 
understanding and utilizing diverse potentials 
of plants. These research units are engaged in 
the research described below.

Environmenta l  S tress  Research  Uni t 
studies mechanisms of plants to withstand 
e nv i r o nmen t a l  s t r e s s e s  s u c h  a s  l ow 
temperatures, high salt, and drought to develop 
strategies for improving crop stress tolerance.

Photobiology and Photosynthesis Research 
Un i t  s tud i e s  mechan i sms  invo lved  in 
photosynthesis efficiency and plant productivity 
and mechanisms of sensing and responding to 
light to develop strategies for improving light 
responses and utilization in crops.

Plant Disease Resistance Research Unit 
analyzes various disease resistance genes, 
including those involved in rice-blast field 
resistance, and their functions to utilize them 
for improving disease resistance of rice.

Plant-Microbe Interactions Research Unit 
studies interactions between plants and 
microbes including symbionts and pathogens 
(fungi, bacteria, and viruses) for improving 
disease management and for efficient utilization 
of symbiotic microorganisms.

Protein Research Unit focuses on structures 
and functions of various proteins using NMR 
and X-ray diffraction to establish an important 
basis for utilizing genome information.

Plant Genetic Engineering Research Unit 
aims to develop strategies leading to optimal 
regulation of the expression of introduced genes 
and.to new methods for further improvement of 
GM crop safety.

　The major research topics in fiscal 2007 are 
described in the following pages.
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　Abiotic stresses such as high salts, high 
humidity, and low temperature are key 
factors for agricultural productivity. Plants 
potentially have various strategies to acclimate 
to environmental changes for optimal growth. 
To improve crop yields under different 
environmental stresses, we look for genes and 
substances that confer stress tolerance. 

Selection of the genes related to salt tolerance 
using the rice FOX hunting system
　High salt concentration in soil is one of 
the important factors for growth and yield of 
crops. Rice is not very tolerant to salt, but it 
does have a mechanism for exclusion of salt 

from the cytoplasm. Genes for salt tolerance 
were screened by the rice FOX (Full-length 
cDNA overexpressor gene) hunting system. 
In this screen, 3,864 FOX lines were grown 
hydroponically for 12 days and then treated 
with 120 mM NaCl  after which leaves and roots 
were harvested and weighed for evaluation. 
We considered that transgenic lines with 
better growth than the control as salt tolerant. 
The genes from candidate lines were mainly 
categorized into 5 groups, such as enzymes in 
biosynthesis of the secondary metabolites, zinc 
finger family proteins, transporters, protein 
kinases and a miscellaneous group.

E nvironmental Stress Research Unit

Fig. 1 The salt tolerance assay by a long-term treatment with 100 mM NaCl
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　We also screened for salt-tolerant lines among 
5,571 FOX lines following a long-term treatment 
of 100 mM NaCl. The lines were considered to 
be salt tolerant if they survived 3 months of 
treatment. More than 40% of the lines contained 
transgenes that were not annotated, however. 
The remaining lines contained transgenes 
annotated as protein kinases, ABC transporters, 
permeases and others.
　The expression profile related to salt 
tolerance was analyzed by the microarray 
method using a glass slide spotted with 44,000 
rice genes (Agilent Technologies, Inc.). More 
genes were identified as related to salt-tolerance 
by the microarray technique, but these genes 
were not the same as identified by the FOX 
hunting system. However, the genes screened 
by both methods were categorized into the 
same functional groups.

Functional analysis of Sdr4
　A QTL termed Sdr4  is  a pre -harvest 
sprouting resistance locus from indica rice, 
Kasalath.  Neither the known motif nor 
homology to functionally known proteins 
has been detected in the deduced amino-acid 
sequence of Sdr4; therefore, we cannot predict 
the function of Sdr4 protein.  To characterize 

the function of Sdr4, the expression profile of 
the sdr4-1 mutant derived from the mutant 
panel was compared with that of wild type (wt) 
by micro-array analysis.  The germination ratio 
of wt was around 1% 4 weeks after heading.  
In contrast to wt, almost all of the sdr4-1 seeds 
germinated, indicating that sdr4-1 lost seed 
dormancy.  Therefore, we prepared RNAs from 
the seed 4 weeks after heading. As shown in 
Fig. 2A, among 29,690 genes, 478 genes (blue 
spots) were less than 1/3-fold in expression, and 
284 genes (green spots) were expressed more 
than 3-fold in sdr4-1 seeds.  Among them, we 
focused on three MADS box genes (MADS55, 
56, 58) whose expression levels were higher in 
sdr4-1 seeds, since MADS box genes are known 
as transcription factors and involved in various 
biological events, such as seed development.  
The temporal changes of expression in the 
whole seed were analyzed by semi-quantitative 
RT-PCR, either with days after heading (Fig. 
2B) or with hours after imbibition (Fig. 2C).  In 
sdr4-1 seeds, MADS55 expression was relatively 
higher than that in wt or NIL (Sdr4), especially 
at a late stage of seed development, indicating 
that Sdr4 might be involved in regulation of 
seed development.

Fig. 2  Expression analysis in sdr4
A. The scatter plot of 29,690 genes expressed in seed. B. Time-course expression of Sdr4 and 
MADS55 in WT (Npb), sdr4-1 (M100) and NIL(Sdr4) after heading. C. Time-course expression of Sdr4 
and MADS55 in WT (Npb), sdr4-1 (M100) and NIL(Sdr4) after imbibition.
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Cha rac t e r i z a t i on  o f  co l d - r e spons i v e 
extracellular chitinase in bromegrass cell 
cultures and its relationship to antifreeze 
activity
　Antifreeze activity in plants was first found 
by Griffith’s group in the apoplast of cold-
acclimated winter rye. Three pathogenesis-
related (PR) proteins were reported to be 
responsible for the activity (Hon et al. 1995), 
one of which is cold-responsive chitinase (CHT9). 
Since then, a number of papers have been 
published by her group and many people still 
believe that chitinases have antifreeze activity. 
　We isolated a cold-responsive chitinase gene, 
BiCHT1 from bromegrass (Bromus inermis Leyss 
cv. Manchar) suspension cells. BiCHT1 mRNA 
was detected at low levels in non-stressed 
bromegrass cells, whereas its accumulation was 
induced by incubation at 4 and 10°C as detected 
by Northern and Western blot analyses. BiCHT1 
was highly homologous to rye CHT9 known 
to encode an antifreeze protein. BiCHT1 was 
overexpressed in E. coli and bromegrass cells 
using genetic transformation procedures. 
BiCHT1 products expressed in both systems at 
ambient temperatures had chitinase activity, 
but the expressed proteins did not have 
antifreeze activity in any conditions tested. 
Even when the transgenic bromegrass cultures 

were incubated at 4°C, the culture medium did 
not show higher antifreeze activity compared 
to the wild-type cultures grown at 4°C.
　To further clarify the relationship between 
antifreeze activity and BiCHT1, we compared 
the condit ions for inducing them.  The 
expression of BiCHT1 gene was up-regulated 
by exposure to cold stress (equally at 4 and 10
°C), and also to 35°C, but not by salt or osmotic 
stress, abscisic acid or ethephon. BiCHT1 

mRNA did not accumulate in response to 
methyl jasmonate and salicylic acid, but was 
slightly increased by prolonged culture at 25°C 
and only transiently by chitin. While antifreeze 
activity detected in the culture medium was 
induced at 4°C but only slightly at 10°C. It was 
also induced by ethephon treatment, but not by 
abscisic acid, chitin or prolonged incubation at 
25°C. 
　The results of transgenics and expression 
analyses suggest that the BiCHT1 product is a 
major protein with chitinase activity secreted 
in the medium of cold-treated cells but is highly 
unlikely to be responsible for the antifreeze 
activity detected in the culture medium. We are 
currently isolating the proteins responsible for 
the antifreeze activity in bromegrass and also 
analyzing the function of BiCHT1 by studying 
the rice overexpressors.

Fig. 3 Antifreeze activity in the culture medium of wild-type 
bromegrass cells grown for 7 days at 25℃ (A), 10℃ (B) 
and 4℃ (C), compared to antifreeze activity in the culture 
medium of transgenic bromegrass T6 cell lines grown for 
7 days at 25℃ (D), 10℃ (E) and 4℃ (F) and T2 grown for 
7 days at 25℃ (G). (H) Antifreeze activity of recombinant 
BiCHT1 proteins (tag-removed) 
All the culture media were concentrated 50-fold for 
detection of antifreeze activity. Approximate concentrations 
of BiCHT1 proteins (mg/mL) were 0.1 (A), 0.14 (B), 0.04 
(C), 0.35 (D), 0.3 (E), 0.2 (F), 0.25 (G) and 2.0 (H). The bars 
indicate 50 µm.
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　Plants utilize light not only as an energy 
source but also as an external signal to monitor 
changes in the environment. We are elucidating 
the mechanisms controlling photosynthesis 
and plant productivity as influenced by 
environmental changes, and how plants 
perceive light signals and respond to them. 
This information will lead to development 
of innovative technologies that increase the 
efficiency of light utilization. 

Overproduction of C4 photosynthetic enzymes 
in transgenic rice plants: an approach to 
introduce the C4-like photosynthetic pathway 
into rice
　Most terrestrial plants, including many 
important crops such as rice, wheat, soybean 
and potato assimilate CO2 through the C3 

photosynthetic pathway, and are classified 
as C3 plants. However, some plants, such 
as maize and sugarcane, possess the C4 

photosynthetic pathway in addition to the C3 

pathway, and these are classified as C4 plants. 
The C4 pathway acts to concentrate CO2 at 
the site of the reactions of the C3 pathway, 
and thus inhibits photorespiration. This CO2-
concentrating mechanism enables C4 plants 
to achieve high photosynthetic capacity and 
higher water and nitrogen use efficiencies. 
Consequently, the transfer of C4 traits to 
C3 plants is one strategy being adopted for 
improving the photosynthetic performance of 
C3 plants.
　 F o u r  e n z y m e s ,  n a m e l y ,  t h e  m a i z e 
phosphoenolpyruvate carboxylase (PEPC), the 
maize pyruvate, orthophosphate dikinase 
( P P D K ) ,  t h e  s o r g h u m  N A D P - m a l a t e 

dehydrogenase (MDH), and the rice NADP-
malic enzyme (ME), were overproduced in the 
mesophyll cells of rice plants either individually 
or in combinations. Individual overproduction of 
PPDK, MDH or ME did not affect the rate of 
photosynthetic CO2 assimilation, while in the 
case of PEPC it was slightly reduced. The 
reduction in CO2 assimilat ion in PEPC 
overproduction lines remained unaffected by 
overproduction of PPDK, ME or a combination 
of both, however it was significantly restored 
by combined overproduction of PPDK, ME and 
MDH to reach levels comparable to or slightly 
higher than that of non-transgenic rice (Fig. 
4A). Since overproduction of PEPC, PPDK, and 
ME together did not have such effects, the 
elevation of the MDH activity must be essential 
for the restoration/enhancement of CO2 
assimilation. The relative content of 13 C in total 
carbon atoms (δ13 C), which is used as a simple 
test for determining the photosynthetic type, 
was decreased by overproduction of PEPC and 
P P D K  t o g e t h e r ,  a n d  i n c r e a s e d  b y 
overproduction of all four enzymes, as was the 
CO2 assimilation rate (Fig. 4B). These results 
imply that the C4-like pathway might operate in 
transgenic rice plants overproducing all four 
enzymes. The growth of rice plants was slightly 
inhibited by overproduction of PEPC and PPDK 
together, due to high demand of nitrogen for 
foreign C4 enzymes, but this stunting was 
mitigated by combined overproduction of ME 
and MDH (Fig. 4C). These observations suggest 
the possibility of improving photosynthesis and 
growth of rice plants by introduction of the C4-
like pathway.

P hotobiology and Photosynthesis Research Unit
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Fig. 4  The CO2 assimilation rate (A), carbon isotope composition (B), and shoot dry weight (C) of non-transgenic, 
double and quadruple transgenic rice plants
NT, non-transformants, ED, double transformants overproducing PEPC and PPDK together; Quad, quadruple 
transformants overproducing PEPC, PPDK, ME, and MDH.

New target for rice lodging resistance and 
increasing resistance in a typhoon by genetic 
improvement
　We demonstrated a new target for lodging 
resistance in rice (Oryza sativa L.) by analysis 
of the physiological function of a locus (lrt5) 
for lodging resistance in a typhoon with a 
near isogenic line of the ‘Koshihikari’ genetic 
background (tentatively named S1). The 
higher lodging resistance of S1 was observed 
during a typhoon in September 2004 (28 d 
after heading), when most other plants in 

‘Koshihikari’ became lodged (Fig. 5). Visual 
observations showed that bending of the upper 
stems triggered lodging during the typhoon; the 
upper stem of 'Koshihikari' buckled completely, 

whereas that of S1 remained straight. In 
addition to the strong rain and winds during 
the typhoon, the weight of the buckled 
upper plant parts increased the pressure on 
adjacent plants and caused a domino effect in 
'Koshihikari'. Young's modulus, an indicator 
of the rigidity of the culm, was significantly 
higher in S1 than in 'Koshihikari'. In the upper 
culm, the starch content in S1 was 4.8 times 
the value in 'Koshihikari', and senescence was 
delayed in the upper leaves of S1. These results 
suggest that the rigidity of the upper culm 
by the higher starch content (as a result of 
delayed senescence in the upper leaves) may 
be responsible for the higher lodging resistance 
during a typhoon in rice.
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Fig. 5  Performance of 'Koshihikari' and S1 during and after Typhoon no. 18 on 4 September 2005 (28 days after 
heading)
The angle of each plant with respect to the vertical was measured immediately after the passage of the typhoon 
and 1 week later.

Ectopic chloroplast differentiation induced by 
the overexpression of OsGLK1 in rice calli
　To uncover diverse functions of a large 
population of rice genes comprehensively, we 
are taking advantage of Full-length cDNA 
Over-eXpresser gene (FOX) hunting system 
(Nakamura et al . 2007). In the course of 
production of the FOX-rice lines, we obtained 
two independent green calli on a culture 
medium containing 2,4-dichlorophenoxyacetic 
acid (2,4-D), on which wild-type rice calli were 
consistently light yellow. A rice Golden2-like1 
(OsGLK1) cDNA, which encodes a member of 
plant-specific GARP family of transcription 
factors, was ectopically overexpressed in the 
two FOX-rice calli under the control of maize 
Ubiquitin-1 gene promoter.
　Chloroplasts with well-developed grana 
stacks were differentiated, in addition to the 

accumulation of chlorophyll (Fig. 6A), in the 
two FOX-rice calli. However, neither of such 
changes was observed in the light-yellow calli 
from wild-type. Rice 44k oligo microarray, 
northern blot, and RT-PCR analyses revealed 
that expression of such genes involved in the 
chloroplast function as RbcS, rbcL, Lhca, psaA, etc. 
were up-regulated in the transgenic green calli. 
Then, electrochemical measurement of oxygen 
detected the O2 evolution in the OsGLK1-
FOX green calli, but not in the wild-type calli 
(Fig. 6B). Interestingly, the oxygen-producing 
transgenic calli were able to grow even on 
sucrose-depleted culture media containing 2,4-D 
(Fig. 6C). These results indicated that developed 
chloroplasts in the OsGLK1-FOX rice calli are 
photosynthetically active, and that OsGLK1 is a 
master regulator of chloroplast development.
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Fig. 6 (A) Chlorophyll contents in calluses from wild-type (WT) and three OsGLK1-FOX lines 
(#AI109, #1 and #5) 
The data are the mean ± SD of at least three independent measurements. 
(B) The gross O2 evolution rates under saturated light and saturated CO2 concentration in calluses 
of the control line (WT) and the OsGLK1-FOX lines
The data are the mean ± SD of at least three independent experiments.
(C) Rice calli from the OsGLK1-FOX line (AI109) and the empty-vector line (control) were grown on 
N6D medium with 30 mg/L of Hygromycin B for 2 weeks at 28℃ 
Then they were transferred to the fresh N6D medium with or without sucrose at the concentrations 
indicated in the figure. Photographs are of representative calli grown on the fresh N6D medium for 
the indicated period.  
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Cloning of a resistance gene Pb1 that confers 
durable panicle blast resistance to rice
　Rice blast, caused by Pyricularia oryzae 
(teleomorph Magnaporthe oryzae), is one of the 
most widespread and destructive diseases 
of rice. So-called ‘panicle blast’ is the blast 
infection to panicles occurring after heading 
stage, and causes decreased yield and reduced 
quality of brown rice. Pb1 is a panicle blast 
resistance gene, which was identified as a major 
quantitative gene in rice cultivars derived 
from an indica rice cultivar, Modan. The blast 
resistance by Pb1 is more effective during adult 
stages (adult resistance), in particular to panicle 
blast, than during young stages (leaf blast). 
Pb1 has not lost effectiveness for more than 20 
years (durable resistance) despite its cultivation 
in 100,000 ha a year. 
　We performed map-based cloning of Pb1 
to investigate the mechanisms underlying its 
characteristic traits of resistance, the adult 
resistance and durable resistance. Based on 
SNPs and InDels between the Nipponbare 
(susceptible) and Modan-derived St.No.1 
(resistant), we designed 23 DNA markers 
within the Pb1 locus. We screened 7,279 F2 
plants of Norin8 (susceptible) and St.No.1 by 
using Pb1-flanking markers, B4 and Pb3810/16, 
and obtained 425 recombinants. A graphic 
genotype of each recombinant was determined 
by using other inner markers (Fig. 7). Then, 
we carried out field evaluation of homozygous 
recombinants for panicle blast resistance 
in an experimental field at Inabu, which is 
located in the  mountainous region of Aichi 
Prefecture, Japan, and is under the conditions 
of extremely high blast-infection rate. Average 
percentage of blast-infected panicles in each 
recombinant was calculated 3-4 weeks after 
heading. Then, a physical map spanning the 
Pb1 locus was constructed, narrowing down 
the Pb1 locus to a 150-kb region. We obtained 
no further recombination in this region, so we 

screened BAC clones of St.No.1 including the 
Pb1 locus and sequenced several. Based on 
the comparison of the sequences in this region 
between St.No.1 and Nipponbare, we designed 
17 new PCR markers and selected recombinants 
from a total of 11,000 F2 lines by using these 
markers. This selection limited the Pb1 locus to 
a 22-kb region.
　In the 22-kb region, four open reading frames 
(P15, P16, P17 and P18) were predicted but 
gene expression was detected for only P15 and 
P18. Constructs containing genomic regions of 
respective candidate genes were transformed 
into the blast-susceptible cultivar Norin8 and 
only P15 conferred blast resistance at flag-leaf 
and pre-heading stages, allowing us to conclude 
that P15 is Pb1. Sequence analysis revealed that 
Pb1 encoded a protein of CC–NBS–LRR-family 
R protein of 1,296 amino acids. Expression 
analysis of Pb1 in St.No.1 showed that the 
strength of blast resistance at different growth 
stages roughly paralleled that of Pb1 expression 
levels at respective growth stages. 

D isease Resistance Research Unit

Gene cloning for recessive blast-resistance 
mutants and PiKahei-1(t)
　To con t ro l  c r op  d i s ea se s ,  b reed ing 
approaches are more environment-friendly and 
superior in cost and food-safety than chemical 
control. A keyword for the breeding control of 
diseases is “durability”, because most disease 
resistances controlled by major dominant genes 
have experienced serious breakdown within 
a short period of use. Genetically recessive 
disease-resistance genes (r-genes) are rare, but 
most of them are much more durable than 
dominant resistance genes (R-genes). Because 
of the recessive nature of the mutation, mutant 
pathogens that overcome the r-genes are less 
likely to occur. As only one r-gene against 
rice blast has been known at present, we have 
screened recessive rice-blast-resistant mutants 
from a cell-culture-derived mutant population. 
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To this end, we have developed a new system 
to directly screen for blast resistant mutants, 
enabling efficient and uniform blast inoculation 
by semi-natural spore-spreading in a tent. 
With this system, we have screened more 
than 25,000 lines of mutant population in 2 
years, and identified 10 candidate lines. They 
have resistance levels comparable to those 
of strong field resistance to true resistance 
lines. Currently, recessiveness of the candidate 
lines is being confirmed by crossing with 
susceptible lines. In parallel, those lines are 
being introgressed to elite cultivars, including 
Koshihikari, to produce practically useful 
resistant cultivars and for fine mapping of the 
causal genes.  
　We have also identified a few mutants with 
blast resistance from known and recently 
selected lesion mimic strains. Although they are 
not so resistant as the above directly screened 
r-mutants, they may be utilized as an auxiliary 
measure to enhance blast resistance of rice. 
Also, identification of their causal genes should 
contribute to understanding the plant defense 
system. So, we have performed positional 
cloning of causal genes for two rice lesion 

Fig. 7 Genetic and physical map of Pb1 locus

mimic mutants, spl6 and spl10, with significant 
blast resistance, and identified their candidates. 
In both cases, only a single ORF was found to 
have significant polymorphism among 7 to 10 
ORFs in genetically narrowed genome regions. 
Sequence comparison of these ORFs between 
the mutants and several wild-type cultivars 
also revealed that only the mutant lines have 
specific mutations within putative functional 
domains in their deduced encoded enzymes.  
　Rice cultivar Kahei has a very strong blast 
resistance, classified as ‘field resistance (FR)’ 
consisting of multiple QTLs known for their 
durability. To understand the mechanism of 
Kahei’s blast resistance, we have carried out 
positional cloning of Pikahei-1(t), the QTL of 
the highest contribution, and found a cluster 
of R-gene analogs (RGAs) in the center of 
the genetically narrowed region (Fig. 8). The 
structure of this RGA cluster was surprisingly 
similar to that in the Pik-cluster region we 
found on chromosome 11 in Nipponbare 
genome, where ten blast-resistance genes of 
Pik family are located. We are in the process of 
complementation tests with those RGAs in the 
Kahei genome.
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Fig.8 Physical maps around the Pikahei-1(t)-corresponding region on the long arm of chromosome 4 
in Nipponbare genome
Addresses on chromosome 4 in physical distances are indicated in Mb. Positions of 52 predicted 
ORFs, new markers developed from SNPs, and possible recombination events are shown. There 
were 7 candidate RGAs (RGAs 1 to 7). By graphical genotyping of the RGAs with other markers, only 
RGAs 2 and 3 were located in the Pikahei-1(t) region and are shown with blank boxes.

Rice Pt i1a negat ively regulates RAR1-
dependent defense responses
　To identify novel factors required for 
signal transduction of disease resistance in 
rice, we screened mutant lines produced by 
endogenous retrotransposon Tos17 . Among 
them, we isolated a lesion mimic mutant, 
which was accompanied by a series of defense 
responses and resistance against a compatible 
race of Magnaporthe grisea. Genetic analysis 
revealed that it contains an insertion of Tos17 
in OsPti1a gene. Overexpression of OsPti1a in 
rice reduced resistance against an incompatible 
race of the fungus recognized by an R protein, 
Pish. Plants overexpressing OsPti1a were also 
more susceptible to a compatible race of the 
bacterial pathogen Xanthomonas oryzae pv. 
oryzae . These results suggest that OsPti1a 
negatively regulates defense signaling for 
both R gene-mediated and basal resistance. 
We also demonstrated that repression of the 
rice RAR1 gene, which is genetically required 

for diverse R proteins in several plant species, 
suppressed defense responses induced in 
the ospti1a mutant, indicating that OsPti1a 
negatively regulates RAR1-dependent defense 
responses. OsPti1a shows high similarity 
with tomato Pti1 (SlPti1; 87 % similarity) that 
encodes a cytoplasmic protein kinase and was 
originally identified as an interacting protein 
of a tomato R protein, Pto. Expression of SlPti1 
in the rice pti1a mutant suppressed the mutant 
phenotypes. This contrasts strikingly with the 
previous finding that tomato Pti1 enhances 
Pto-mediated HR induction when expressed 
in tobacco, suggesting that the molecular 
switch controlling HR downstream of pathogen 
recognition has evolved differently in rice and 
tomato. 

Screening for disease resistance in rice-
Arabidopsis FOX lines
　About 13,000 full-length cDNAs of rice 
were mixed and ligated to an expression 
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vector cassette. They were introduced into 
Arabidopsis by Agrobacterium-mediated floral dip 
transformation to generate Rice-Arabidopsis 
FOX (full-length cDNA over-expressor) lines. 
After 2-3 rounds of screening T2 seedlings 
of approximately 20,000 FOX lines, 95 were 
selected in a screen for SA sensitivity. Of these, 
71 were found to be resistant to a bacterial 
pathogen, Pseudomonas syringae pv tomato 
DC3000 (Pst3000), and 38 lines were deemed to 
be resistant to a fungal pathogen, Colletotrichum 
higginsianum (Ch). The rice cDNAs identified 
by these procedures are being re-transformed 
into Arabidopsis and rice for overexpression and 
further screening to confirm each phenotype. 
One novel rice cDNA (OsPSR5) endowed 
resistance to both Pst3000 and Ch in Arabidopsis. 
In addition, it endowed SA sensitivity in 
Arabidopsis. Overexpression of OsPSR5 in rice 
led to resistance to Xanthomonas oryzae oryzae 
(Fig. 9).

Suppression of a rice fatty acid-desaturase 
gene, OsSSI2, enhances resistance to rice blast 
and leaf-blight diseases
　Fatty acids and their derivatives play 
important signaling roles in plant defense 
responses. It has been shown that suppression 
of a gene for stearoyl acyl carrier protein-fatty 

acid desaturase (SACPD) enhances resistance 
to multiple pathogens in Arabidopsis (SSI2) 
and soybean. We functionally characterized 
a rice homolog of the SSI2 (OsSSI2) in disease 
resistance of rice. Both transposon insertion 
mutation and RNAi-mediated knockdown of 
OsSSI2 (OsSSI2-kd) resulted in reduced oleic-acid 
(18:1) and increased stearic-acid (18:0) levels, 
indicating that OsSSI2 is responsible for SACPD 
activity. These plants displayed spontaneous 
lesion formation in leaf blades, retarded growth, 
a minor increase in endogenous salicylic-acid 
(SA) levels, and constitutive expression of 
PR and SA/benzothiadiazole (BTH)-inducible 
WRKY45 genes. Moreover, OsSSI2-kd plants 
showed markedly enhanced resistance to rice 
blast fungus M. grisea and leaf-blight bacteria 
X. oryzae. These results suggest that SACPD 
is involved in negative regulation of defense 
responses in monocots as in dicots. Microarray 
analysis identified 406 genes differentially 
expressed (≥2-fold) in OsSSI2-kd rice plants 
compared to wild-type rice, among which 
approximately 39% were BTH-responsive. 
These results suggest that the enhanced 
disease resistance in OsSSI2-kd plants is due at 
least partly to the activation of SA-mediated 
signaling pathway.

Fig. 9  Overexpression of OsPSR5 in rice led to resistance to Xanthomonas oryzae oryzae (Xoo), a 
causative agent of rice blight
Asominori; A line resistant to Xoo.　Nipponbare; A wild-type line.
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　Higher plants interact with numerous kinds 
of microbes during their life cycle. These 
interactions are classified as symbiotic and 
parasitic that for example, lead to nodule 
formation in legume plants in which N2-fixation 
occurs and lesion formation by infection 
with pathogenic viruses, bacteria and fungi, 
leading to the damage in crop production, 
respectively. The final goal of this research 
unit is to elucidate the molecular mechanisms 
of plant-microbe interactions to establish novel 
strategies for production and protection of 
crops.

Molecu l a r  mechan i sms  o f  s ymb io t i c 
interactions of plants
　Interaction of leguminous species and 
nitrogen-fixing bacteria (rhizobia) results in 
development of root nodule symbiosis (RNS). 
Since RNS eliminates the need for artificial 
nitrogen nutrition, this system potentially 
embodies low-input agriculture. Among RNS-
deficient mutants, a majority in the early 
stage (Nod-) also shows defects in arbuscular 
mycorrhiza infection (Myc-) . Arbuscular 
mycorrhiza symbiosis (AMS) is important in 
terms of phosphate uptake, and a majority of 
land plants has this interaction. The mutated 
genes of such Nod-Myc- mutants compose 
a ‘common signaling pathway (CSP)’ that 
controls both rhizobial and mycorrhizal 
endosymbioses. To understand the molecular 
mechanism in these two symbioses, we isolated 
CSP genes responsible for Lotus japonicus 
mutants. CSP genes also have been identified in 
rice, an AMS plant, and loss-of-function mutants 
in rice show a deficiency in AMS. This result 
indicates that the molecular mechanism in AMS 
is conserved among AMS plants.
　To further define RNS in molecular genetic 
terms, we analyzed a mutant library of ca. 2900 
lines, which were derived from about 5000 
seeds (provided by Prof. Masayoshi Kawaguchi, 

The University of Tokyo). of L. japonicus MG20 
irradiated with 80 Gy carbon ion (C6+ ). Carbon 
ion irradiation was done by Drs Yoshihiro Hase 
and Atsushi Tanaka (Japan Atomic Energy 
Agency). A total of 72,000 M2 plants derived 
from 2400 of M1 lines were screened for their 
symbiotic performance. Mutant phenotypes 
were confirmed in the M3 progeny, and as a 
consequence, we isolated 42 symbiotic mutant 
lines, comprising 5 Nod+ , 14 Nod-, 20 Fix- and 3 
Hist- phenotypes. We performed genetic 
analysis and rough mapping of some of these 
mutant lines using F2 plants that were 
generated by crossing with L. japonicus Gifu. 
Results so far indicate that 9 symbiotic mutant 
lines are novel. These results also showed that 
ion beam irradiation is useful for isolation of 
novel symbiotic mutants in Lotus japonicus.

MAP kinases function downstream of HSP90 
and upstream of mitochondr ia in TMV 
resistance gene N-mediated hypersensitive cell 
death
　The hypersensitive reaction (HR) is a plant-
specific defense response against pathogen 
attack. Upon HR, local lesions are formed as 
the result of autonomous death of infected cells 
to prevent the pathogen from spreading from 
the infected site. HR cell death is an attractive 
system to investigate the mechanism of 
programmed cell death in plants.
　Although heat shock protein 90 (HSP90), 
mitogen-activated protein kinase (MAPK) 
cascades and mitochondrial dysfunction have 
been suggested to be involved in plant 
hypersens i t ive  ce l l  dea th ,  the  mutua l 
re lat ionship among them has not been 
elucidated. Here, we dissected the molecular 
network of HSP90, the MAPK cascade including 
wound-induced protein kinase (WIPK)/salicylic 
acid- induced protein kinase (SIPK) and 
mitochondrial dysfunction in tobacco mosaic 
virus (TMV) resistance gene N-mediated cell 
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death. To induce cell death, p50 (the Avr 
component for N), NtMEK2DD (a constitutively 
active form of a MAPK kinase of WIPK/SIPK), 
and a mammalian pro-apoptotic factor Bax were 
used. Genetic knockdown of the HSP90 gene 
and treatment with geldanamycin, a specific 
inhibitor of HSP90, prevented p50-mediated 
NtMEK2, WIPK and SIPK activation and cell 
death; however, they did not affect NtMEK2DD - 
or Bax-mediated cell death. In WIPK/SIPK-
d o u b l e  k n o c k d o w n  p l a n t s ,  p 5 0 -  a n d 
NtMEK2 DD -mediated cell death was suppressed 
but Bax-mediated cell death was not. The 
expression of p50, NtMEK2DD and Bax all 
induced mitochondrial dysfunction as well as 
cell death, and the expression of Bcl-xL, a 
mammalian anti-apoptotic protein, suppressed 

cell death and mitochondrial dysfunction 
induced by these treatments as it does in 
animals in the programmed cell death signaling 
pathway (Fig. 10). 
　Together with the expression profiles of 
several marker genes of hypersensitive reaction, 
these results indicate that the NtMEK2–
WIPK/SIPK cascade functions downstream of 
HSP90 preceding mitochondrial dysfunction in 
N gene-dependent cell death signaling (Fig. 11). 
Furthermore, we found that WIPK and SIPK 
are functionally redundant in HR cell death 
signaling using WIPK/SIPK single and double 
knockdown plants. Significant progress has 
been made in understanding the mechanism of 
HR cell death.

Fig. 10 Bcl-XL prevented p50-, NtMEK2DD - and Bax-mediated cell death and mitochondrial 
membrane potential loss 
(A) p50, NtMEK2DD and Bax were expressed by Agrobacterium-mediated transient expression in 
control (left) or Bcl-xL-expressing lines (right (Bcl-xL-ox)). M65-4 and M65-23-4 are independent Bcl-xL 
overexpressing lines. Photographs were taken at 3 days after the infiltration. (B) Mitochondrial 
membrane potential in mesophyll cells. Cells were observed using a confocal laser scanning 
microscope after staining with rhodamine 1,2,3 (Rh123) which stains mitochondria green, depending 
on active membrane potential. p50, NtMEK2 DD and Bax were transiently expressed by Agrobacterium-
infiltration in control or Bcl-xL-expressing lines (M65-23-4), and mesophyll cells were examined at 
32-33 h after infiltration. Similar results were obtained in another Bcl-xL-expressing line. Red signal 
indicates autofluorescence of chlorophyll. Bars indicate 20 μm.
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Fig. 11 Proposed model for the N gene-mediated hypersensitive cell death signal transduction 
pathway, based on the experimental results obtained here

Establishment of a binary vector system for 
knockout and expression analysis of rice blast 
fungus genes
　Rice blast fungus (Magnaporthe grisea) is 
a causal agent of rice blast disease which 
seriously damages rice production.  The genome 
sequence of this fungus has been analyzed and 
more than 11,000 genes have been annotated.  
To elucidate pathogenicity gene functions 
of the fungus, characterization of knock-out 
mutants and the expression profiles for each 
gene are useful.  High efficiency transformation 
of the fungus also is essential.  We established 
an Agrobacterium-mediated transformation 
system and, furthermore, designed a binary 
vector system for a GFP (Green Fluorescent 
Protein) - tagging gene knockout system 
method that enables us to disrupt a gene of 
interest and analyze its promoter activity by 
fluorescence microscopy (Fig 12). By using 
short lengths of flanking regions of the genes of 
interest, this system allows us to obtain gene-
knockout mutants of the fungus by homologous 
recombination.

Identification of a catalase activity in the 
conidia suspension of M. grisea.
　Because H2O2 is known to play roles in 
defense responses such as construction of 
a physical barrier in the cell wall fractions 
and signaling to other defense responses., 
extracellular catalase is considered to be a key 
factor that protects the fungus from the defense 
response by rice plants. Conidia suspensions 
of seven isolates of rice blast fungus were 
prepared and added to suspension-cultured cells 
of rice. We observed a monophasic production 
of H2O2 at different levels specific to each 
isolate, indicating that conidia of rice blast 
fungus have elicitor activity in rice cells. The 
supernatant fraction of the conidia suspension 
included various levels of catalase activity. The 
activity was diminished after heating at 100 ℃ 
for 10 min or addition of NaN3, indicating that 
it is catalase (Fig. 13).  
　The genome sequence of rice blast fungus 
includes 2 catalase and 2 catalase/peroxidase 
genes. Isolation of the knock-out mutant of these 
genes would be a key step to elucidate the 
biological significance of the catalase detected 
in this study.  
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Fig. 12 (A) A schematic diagram of the gene disruption and GFP-knockout process
(B) An example of expression of a gene of M. grisea  
The gene is expressed in the appresorium (AP) and infectious hyphae (IH).

Fig. 13 Five ml of 100 μM H2O2 was incubated with seven supernatants
For controls, the supernatant was heated to 100℃ for 5 min (100℃ ) or the reaction 
contained 5 mM NaN3 (+NaN3).  Residual H2O2 was measured after 15 min incubation at 
25℃ .
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　Proteins are dynamic molecules that 
often undergo conformational changes while 
performing their specific functions. Hence, 
understanding of protein function requires 
a detailed knowledge of three-dimensional 
structure, dynamics, and interactions with other 
biomolecules. The Protein Research Unit utilizes 
X-ray crystallography and NMR spectroscopy 
to determine the protein structure and to 
monitor the dynamic behavior of a protein at 
many specific sites. In addition, structural and 
kinetic aspects of intermolecular interactions 
are studied by various experimental methods 
such as NMR, surface plasmon resonance, and 
analytical ultracentrifugation. Proteins involved 
in important biological phenomena are selected 
as targets. 

Structure and function of the N-terminal 
domains of SUMO ligase Siz1 from Oryza 
sativa
　Post-translational modification of target 
proteins by SUMO (small-ubiquitin-like modifier) 
regulates a wide variety of cellular functions 
including transcriptional regulation, DNA 
replication and repair, subnuclear targeting, 
chromosome segregation and stabilization, and 
cell cycle progression. Sumoylation is a very 
dynamic process, which occurs through the 
enzyme cascade of E1 (activating enzyme), E2 
(conjugating enzyme), and E3 (SUMO ligase)-
directed conjugation of SUMO to the ε -amino 
group of particular lysine residues on target 
proteins and subsequent deconjugation by 
SUMO proteases from target proteins. The 
sumoylation pathway is very similar to that 
of ubiquitination which is involved in protein 
degradation as its major role.
　Unlike the ubiquitination system in which 
there are a large number of E2 conjugating 
enzymes and E3 ligases, the sumoylation 
pathway involves a couple of E2 enzymes and 
only four known families of SUMO E3 ligases 

in eukaryotes: RING-type Siz/PIAS family, 
nucleoporin RanBP2, polycomb protein Pc2, and 
Mms21. Thus, SUMO E3 ligases are thought 
to play important roles in recognizing target 
proteins and facilitating their sumoylation. 
Of the above SUMO E3 ligases, the Siz/PIAS 
family is the most extensively studied and 
includes the PIAS subfamily from animals 
and the Siz subfamily from budding yeast 
(Saccahromyces cerevisiae) . Budding yeast 
contains two members of the Siz family, Siz1 
and Siz2, which are similar to each other in 
primary structure (29% identity). Arabidopsis 
thaliana contains a single SUMO E3 ligase 
homologous to the Siz/PIAS family whereas 
rice (Oryza sativa) contains two members which 
are very close paralogs with 41% sequence 
identity. An understanding of sumoylation in 
plants is still in its infancy. Recent  studies 
have demonstrated roles of these SUMO ligases 
in various biological processes of plants, such as 
phosphate starvation responses, cold tolerance, 
basal thermotolerance, salicylic acid (SA)-
dependent pathogen defense, and flowering time 
regulation. However, only three proteins have 
been identified as sumoylation targets so far. 
Sumoylation is quite ubiquitous and plays vital 
roles in the eukaryotic kingdom. Mechanisms 
and essential roles of sumuylation by these 
SUMO ligases are not well elucidated; however, 
and little is known about their structural basis 
as well as their specific interactions with 
substrates and other various factors in the 
sumoylation system.
　The Siz/PIAS family of SUMO E3 ligase 
conserves multiple domains such as SAP 
(SAF-A/B, Acinus and PIAS) motif, PINIT 
domain and Zn-finger motif of SP-RING. The 
N-terminal SAP is thought to function as a 
DNA-binding domain, and PINIT would be a 
recognition domain for SUMO target proteins 
and/or a nuclear localization domain, while 
SP-RING was reported to be the binding site 
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for the conjugating enzyme E2. In contrast 
to the Siz/PIAS family members from yeast 
and animals, plant Siz1 contains an additional 
domain called PHD (plant homeobox domain). 
Although recent studies demonstrated that 
a subset of PHD fingers function as highly 
specific effectors of histone H3 trimethylated at 
lysine 4 (H3K4me3) or at lysine 36 (H3K36me3) 
as well as of unmethylated H3K4, the specific 
function of the PHD finger in plant Siz 
proteins is unknown. In the present studies, we 
determined the three-dimensional (3D) structure 
of the SAP domain of rice Siz1, and discussed 
structural similarity and distinction among 
the N-terminal SAP domains within the family 
of Siz/PIAS ligases in conjunction with their 
DNA-binding properties. We also determined 
the 3D structure of the PHD finger of rice Siz1 
and investigated its binding ability to various 
methylated histone tails. 
　The NMR solution structure of the SAP 
domain of rice Siz1 (residues 2-105) is a four-
helix bundle with an up-down-extended 
loop-down-up topology (Fig. 14). Two loops 
connecting the two pairs of helices (α1-α2 and 
α3-α4) are crossed over. This bundle structure 

is quite similar to that of the SAP domain of 
human PIAS previously determined by us, 
with the exception of the relatively long loop 
connecting α3 and α4 helices. It is noteworthy 
that the SAP domain (residues 1-111) of yeast 
Siz1, also determined by us, is comprised of 
five helices where the fifth helix α5 causes a 
significant change in the alignment of the four-
helix bundle characteristic to the SAP domains 
of the Siz/PIAS family as shown in Figure 
1b. We have also demonstrated that the SAP 
domains of both rice and yeast Siz1 proteins 
have binding ability to an A/T-rich DNA, but 
that binding affinity of yeast Siz1 SAP is at 
least one order of magnitude higher than that of 
rice Siz1 SAP. Our NMR titration experiments 
clearly showed that yeast Siz1 SAP uses α2-
helix for DNA binding more effectively than 
rice Siz1 SAP, which would result from the 
dislocation of this helix due to the extra helix 
α5 (Fig. 14). It is of particular interest that the 
two homologous SAP domains from rice and 
yeast Siz1 proteins with similar functions have 
striking differences in their structures and 
DNA-binding affinities.

Fig. 14 Comparison of NMR solution structures of the SAP domains of SUMO E3 ligase Siz/PIAS family
The ribbon diagrams of the lowest energy structures of the SAP domains from yeast Siz1 (a) and rice Siz1 (b). The 
DNA-binding surfaces of yeast Siz1 SAP (c) and rice Siz1 SAP (d). The sidechains of highly perturbed residues 
whose backbone amide chemical shifts were most sensitive upon binding to an A/T-rich DNA are shown in solid 
sticks.
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　The NMR structure determination revealed 
that the PHD finger of rice Siz1 has three 
β-strands and two helices as shown in Figure 
15. The antiparallel β-sheet composed of β2- and 
β3-strands and two helices form a typical PHD 
core fold. Two Zn2+ atoms, required for proper 
folding and located at opposite ends of the 
β-sheet, are separated by ca. 15 Ǻ and are 
coordinated by the conserved Cys4HisCys3 

sequence motif .  Uniqueness in the PHD 
structure of rice Siz1 is the existence of the 
extra β1-strand which associates with the 
β-sheet in a parallel fashion to β2.
　Since it has been reported that a subset 
of PHD fingers function as specific effectors 
of histone tails, we have examined binding 
ability of the PHD finger of rice Siz1 to 

various lysine-methylated and unmodified 
histone tails, and found that this PHD finger 
specifically recognizes histone H3 with tri- and 
dimethylated lysine at position 4 (H3K4me3 
and H3K4me2). Essentially no binding to 
monomethylated H3K4me1 and unmethylated 
H3 were observed. The NMR chemical shift 
perturbation experiments demonstrated that 
the H3K4me3 interacts with the PHD of rice 
Siz1 through an antiparallel β-sheet formed on 
the surface of the molecular structure (Fig. 15). 
A recent report suggests that the SUMO ligase 
Siz/PIAS family is required for sumoylation of 
the core histone within chromatin. Taking these 
results together, we conclude that the PHD 
finger of rice Siz1 serves as the methylated 
histone binding domain, at least in part.

Fig. 15 NMR solution structure of the PHD finger of rice SUMO E3 ligase Siz1
(a) The best-fit superimpositions of the backbone (N, Cα , C’, O) atoms of the final 20 structures with lowest 
energies. (b) The ribbon diagram of the lowest energy structure. (c) Structural model of the PHD finger complexed 
with H3K4me3.
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Rapid and efficient Agrobacterium-mediated 
transformation in indica type of rice
　We previously reported the regeneration 
of transgenic rice plantlets with one month 
from the beginning of the aseptic culture of 
mature seeds of a japonica cultivar, Nipponbare. 
Using our high-speed transformation system, 
transgenic rice plantlets were also successfully 
obtained in an indica cultivar, Kasalath. 
Interestingly, scutellum-derived callus of 
Kasalath was shown to be more competent for 
Agrobacterium-mediated transformation when 
compared to Nipponbare, although stable 
transformation and regeneration efficiencies in 
Kasalath were lower than those of Nipponbare. 
Furthermore, we established a visual selection 
system for transgenic callus using green 
fluorescence protein (GFP) or anthocyanin 
pigmentation in Nipponbare and Kasalath. 
Visible markers should be a powerful tool when 
callus proliferation and/or regeneration are 
inefficient under the conventional antibiotics 
selection. 

Towards the development of in planta 
transformation system in gramineous species
　In our previous work, we described a new 
system that can directly deliver foreign 
genes into mature seeds of wheat using 
electroporation (rectangular wave) after a 
vacuum treatment. To further characterize and 
improve this system, we investigated the GUS 
(β-glucuronidase) gene expression profiles of 
mature seeds of wheat, barley, maize, rice and 
sorghum.  Additional treatment of a supersonic 
wave before and af ter  e lectroporat ion 
significantly increased the level of GUS gene 
expression in rice and barley. Addition of 
cellulase into the electroporation buffer also 
increased the GUS gene expression in rice 
and barley. The optimal electrical condition 
for DNA delivery into rice and barley was 
estimated to be 50 pulses of 50 ms duration and 

50 V/cm. 

Homologous recombination repair in higher 
plants
　Gene modification by gene targeting (GT) 
via homologous recombination is a powerful 
tool not only for the analysis of the function of 
the gene of interest but also for the molecular 
breeding of crops because of the complete 
substitution of a target gene.  Application 
of GT was reported in rice and other plants, 
but successful applications were few in rice. 
The biological basis of GT is homologous 
recombination (HR), which is a mechanism to 
repair DNA with double strand breaks (DSBs). 
HR repairs the DSB DNA using DNA of the 
sister chromatid as a template. The DSB DNA 
also causes chromosomal aberrations, and 
the correlation between HR and cytological 
aberrations was reported in human cells. To 
improve the ratio of GT, we are investigating 
HR in rice and developing methods to detect 
the minor cytological aberrations in rice plants 
and calli. These methods will be employed in 
rice plants and calli for mutants in HR-related 
genes.

Approach for metabolic engineering of amino 
acid accumulation by T-DNA mediated gene 
targeting (GT)
　Anthranilate synthase (AS) — a key enzyme 
in tryptophan (Trp) biosynthesis — converts 
chorismate into anthranilate. The alpha subunit 
of AS is inhibited by high concentrations of 
Trp or its analogue 5-methyl-Trp (5MT). It 
has been shown by biochemical study that 
the S126F/L530D substitution in the OASA2 
enzyme, one of the alpha subunits of rice AS, 
confers insensitivity to high concentrations of 
Trp and results in higher accumulation of free 
Trp. We attempted to introduce the mutations 
encoding the S126F/L530D substitution into 
the endogenous OASA2 gene by GT. The GT 
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vector for the OASA2 gene contains 7.0 kb of 
OASA2 genomic sequence incorporating the 
S126F/L530D mutations but lacks the 5’-region 
sequence encoding the chloroplast-targeting 
signal. Therefore, only targeted integration of 
this vector will confer 5MT tolerance. After 
co-cultivation of 850 rice callus (2-5 mm in 
diameter) with Agrobacterium harboring GT 
vector and subsequent 5MT selection, one 5MT-
tolerant and CAPS positive plant was obtained. 
This regenerated plant showed normal 
growth and fertility in the greenhouse. We are 
currently analyzing this plant and its progeny, 
further.

Generation of marker-free transgenic rice 
plants by site-specific recombination system
　Selection markers are dispensable once 
transgenic plants have been established. The 
R-RS site-specific recombination system under 
the control of germline-specific promoter was 
applied to produce marker-free transgenic rice. 
Marker-gene excision frequency was estimated 
by presence of a small PCR product which 
is specific to the excision event. Some lines 
showed more than 80% excision frequency in 
the T1 generation.

Structure-function analysis of MOM1 in 
epigenetic control of gene silencing in plants
　Arabidopsis MOM1 is required for the 
heritable maintenance of transcriptional gene 
silencing (TGS). Unlike many other silencing 
factors, depletion of MOM1 evokes transcription 
of selected loci without major changes in DNA 
methylation or histone modification. These loci 
retain unusual, bivalent chromatin properties, 
intermediate to both eu- and heterochromatin.
　The structure of MOM1 previously suggested 
an integral nuclear membrane protein with 
chromatin-remodeling and actin-binding 
activities. Unexpected results presented here 
challenge these presumed MOM1 activities 
and demonstrate that less than 13 % of MOM1 
sequence is necessary and sufficient for TGS 
maintenance. This active sequence encompasses 
a novel Conserved MOM1 Motif 2 (CMM2). 
The high conservation suggests that CMM2 
has been the subject of strong evolutionary 

pressure. Indeed, replacement of Arabidopsis 
CMM2 by a poplar motif reveals its functional 
conservation. Interspecies comparison suggests 
that MOM1 proteins emerged at the origin of 
vascular plants through neo-functionalization 
of the ubiquitous eukaryotic CHD3 chromatin 
remodeling factors. Interestingly, despite the 
divergent evolution of CHD3 and MOM1, we 
observed functional cooperation in epigenetic 
control involving unrelated protein motifs and 
thus probably diverse mechanisms.

Bread-making quality of the rice flour of a PDI 
mutant
　Protein disulfide isomerase (PDI) contains 
thioredoxin domains and catalyzes thiol-
disulfide exchange reactions. PDI and other 
chaperonins in the endoplasmic reticulum 
(ER) facilitate oxidative protein folding and 
sorting of storage proteins in the developing 
rice endosperm. The mutant esp2, MNU-treated 
knockout mutant of PDIL1-1, was identified 
by screening for seeds that contain more 
proglutelins and less mature-form of glutelins. 
PDIL1-1 consists of four thioredoxin domains 
in the form of abb’a’, where only the a and 
a’ thioredoxin domains contain catalytic 
residues. PDIL1-1 is abundantly expressed in 
the developing endosperm and is involved in 
both oxidative protein folding and sorting the 
major storage proteins, glutelins. Our recent 
studies indicated that the proglutelins in esp2 
accumulated as large protein complexes with 
prolamins via inter-molecular disulfide bonds in 
the ER. 
　We compared bread making quality of the 
rice flour of esp2 and wild-type either with or 
without wheat flour (30%). We consistently 
recognized three characteristics in the esp2 
flour: the first quality is that the esp2 flour 
was easier to knead because it was not as 
sticky as that of wild-type; the second is an 
improved extensibility of the dough during the 
fermentation; and the third quality is higher 
plasticity of the dough. Baking tests showed 
that the bread of esp2 resulted in a larger 
volume than the control (Fig. 16). Consistent 
with the higher plasticity of the esp2 dough, the 
bread also was less prone to collapse during 

Annual Report 2008  77



the cooling time after baking. We speculate 
that storage proteins of esp2 form gluten-like 
protein complexes in the ER, which probably 
improves the extensibility and plasticity of the 
dough. In general, the functionality of rice seed 
storage proteins is not recognized. Here we 
demonstrated that the storage proteins of esp2 
exhibit significant functionality when used for 
bread making. We plan to evaluate further the 
characteristics of esp2 flour on a commercial 
scale. 

Fig. 16  Bread making quality of esp2 flour 
Rice flour (80% ) of wild-type (Koshihikari) or esp2 (Kinmaze) mixed with wheat gluten 
(20% ) were tested for bread making qualities. The bread of wild-type rice flour (left) 
collapsed during cooling after baking, whereas that of esp2 (right) was upright due to 
higher plasticity of the dough. 

Development of male steri le transgenic 
broccoli and plastid transformation in rice for 
the gene confinement of transgenic crops
　The possibil ity of gene transfer from 
transgenic crops to wild relatives or non-
transgenic crops has often been cited as 
an environmental and consumer concern. 
Commercialized transgenic crops have already 
been confirmed by authorities for food and 
feed safety and for influence on biodiversity. 
However ,  gene confinement technology 

is important to achieve co-existence with 
conventional crop and for use of inedible 
transgenic crops for bio-ethanol or production 
of industrial material. 
　We have developed male sterile transgenic 
Arabidopsis thaliana using several tapetum-
specific expression promoters (BoA9 and BoA3) 
and candidate genes for male sterility from 
broccoli (Brassica oleracea), including the 
cysteine protease (BoCysP1) gene and negative 
regulator (gai) gene of gibberellin responses 
involved in male gamete development. These 
promoter::gene constructs were introduced 
into broccoli and complete male sterility 
was confirmed (Fig. 17). T1 progenies were 
reproduced from four lines of complete male-
sterile BoA9::BoCysP1 transformants by artificial 
crosses with non-transgenic broccoli and 
were cultivated in a semi-closed greenhouse 
from January to July 2008. To date, we have 
confirmed that the trait for complete male 
sterility is stable.  
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Fig. 17  Comparison of male sterility between transgenic broccoli (BoA9::Cysp1) and non-transgenic 
broccoli
A-C: Flower after opening. D-F:Anthers removed from opened flowers. The anther filaments are much 
shorter in the BoA9::CysP1 transformants. G-I:alexander staining of mature anthers. The BoA9::Cysp1 
and BoA3::Bogai anther, no viable pollen is observed (H, I)

　As another approach for gene confinement, 
plastid transformation was thought to be a 
useful tool. However, plastid transformation is a 
recalcitrant technology, especially in monocots.  
We used cultured cells of transgenic rice 
ectopically overexpressing a full-length cDNA 
encoding Golden2-like transcription factor from 
rice (OsGLK1-FOX) to improve efficiency of rice 
plastid transformation. Ectopic overexpression 
of OsGLK1 conferred chloroplast development 
and, as a result, imparted green color to rice 
calli. We introduced a novel vector for rice 
plastid transformation into the green calli of 

OsGLK1-FOX line by biolistic bombardment. 
After selection on a medium containing 
streptomycin, we obtained transplastomic 
lines much more efficiently, compared to 
wild-type plants (Table 1). We also showed 
that the transgenes inserted into the plastid 
genome were transmitted to the progenies 
by self-fertilization. With this success in rice 
plastid transformation the method to achieve 
homoplasmy should be improved for optimal 
application of rice plastid transformation 
technology.

Table 1 Plastid transformation efficiency in rice
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The Division of Insect Sciences

　The Division of Insect Sciences consists of 
eight research units and aims to develop　up-
to-date agriculture techniques and to create 
new industries by analyzing insect-specific　
functions at the molecular level utilizing new 
biotechnology such as genomic information and
　transgenic silkworms.

Insect Genome Research Unit is constructing 
the integrated genome database of silkworm 
genomic sequence information, EST information 
and map information, which is publicly 
available on the web.

Invertebrate Gene Function Research Unit 
will identify genes involved in the action of 
insect hormones, insect behaviors, invertebrate 
reproduction, embryonic development and 
regeneration.

Anhydrobiosis Research Unit is studying 
biochemical and molecular adaptat ions 
associated with anhydrobiosis in the sleeping 
chironomid, Polypedilum vanderplanki.

Innate Immunity Research Unit will clarify 
mechanisms of insect antimicrobial proteins 
and synthetic peptides against bacteria and 
trypanosomes, and will utilize the results for 

agricultural and medical purposes.

Insect Interaction Research Unit aims to 
develop new technology in pest control based 
on the research for insect-insect and insect-
plant interaction mechanisms.

Insect -Microbe Research Unit  s tudies 
molecular mechanisms of the interaction 
between arthropods and their associated 
microorganisms, aiming to prevent arthropod 
transmitted diseases of livestock and crops and 
to control agricultural pests with arthropod 
pathogens.

Si lk -Mater ia l s  Research Uni t  s tud ies 
physicochemical properties of silk proteins 
produced by silkworms, spiders, and hornets 
and interactions with human cells to develop 
new materials for medical use.

Silk Technology Unit will breed a new 
si lkworm race having specif ic f i lament 
characters, such as high strength or lustrous 
appearance for applications in new medical 
materials or unique textiles, and will develop 
the silk materials for bedding and sanitary 
purposes.

Utilization of KAIKObase, a unified silkworm 
genome database, for gene identification
　Recently, the importance of the silkworm as 
a genetic resource and as a model insect for 
destructive agricultural pests of Lepidoptera 
has increased, and its genome analysis is 
urgently required. We have been carrying 

out silkworm whole-genome shotgun (WGS) 
sequencing, EST and full-length cDNA analysis, 
physical mapping (BAC-contig construction), 
etc. The integration of these data and available 
linkage maps will play a key role in silkworm 
post-genome investigations. At present, we 
are constructing an integrated silkworm 

I nsect Genome Research Unit
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genome database named KAIKObase that 
integrates genome sequence data, physical 
and SNP linkage maps, full length cDNA and 
gene function analysis data and that will be a 
powerful tool for investigating the silkworm 
genome.
　This year we constructed a new cDNA 
library from testis and analyzed 13 cDNA 
libraries from different tissues including the 
testis. Among these, the candidates for full 
length cDNA clones were selected and their full 
sequences are being determined. The sequences 
of 7,158 full length cDNA clones were available 
by the end of March 2008. The full length 
cDNA sequence information is now available as 
the silkworm full length cDNA database (Fig. 1). 
　Construction of a BAC minimum tiling path 
is an important base for positional cloning of 
the genes causing morphological mutations. For 
this purpose, we selected 3,581 candidate BAC 
clones from the silkworm sequence information 
to cover the 28 chromosomes. Based on the 
genomic analyses results, the positional cloning 

of 19 important morphological mutation genes 
is progressing under collaboration with other 
research units in NIAS and universities. An 
example is the identification of nsd-1 candidate. 
nsd-1 is a recessive mutation that ensures 
resistance against Bombyx mori densovirus 
type 1 (BmDNV-1). Its locus was previously 
determined with phenotypic markers at 8.3 cM 
on LG 21 by Eguchi et al. (1991). We carried out 
the fine mapping of nsd-1 with DNA markers, 
and succeeded in narrowing down the nsd-1 
candidate region to within about 395 kb. In 
this region, we found that two genes were 
expressed in the midgut, but one of them was 
also expressed in other tissues (Fig. 2). Thus, 
the gene showing midgut specific expression 
was considered as a candidate for nsd-1. It is 
assumed that the translated protein causes 
resistance to the virus infection depending on 
the polymorphism of an amino acid (Fig. 3). To 
prove this candidate gene as nsd-1, transgenic 
experiments by GAL4-UAS system are now in 
preparation.

Fig. 1 Full-length cDNA database
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Fig. 3 Schematic explanation of the resistance mechanism.  
Candidate 1 is coding a membrane protein. It is presumed that the virus can not recognize 
the protein by an amino acid substitution from R to G, P or H in the middle of the 
sequence.

Fig. 2 Narrowing the region and identification of nsd-1 candidqte gene
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　The Invertebrate Gene Function Research 
Unit is conducting research to identify genes 
encoding the enzymes and neuropeptides 
involved in synthesis and degradation of the 
two major insect hormones (ecdysone and 
juvenile hormone) as well as those encoding 
amine receptors involved in controlling insect 
behaviors, and is developing screening methods 
for inhibitors of these enzymes and receptors 
of neuropeptides and amines to develop new 
pesticides. It also conducts molecular analyses 
of invertebrate reproduction, embryonic 
development and regeneration. The selected 
major research topics for 2007 from the present 
research unit are as follows:

Identification of the Bombyx P450s
　Insect cytochrome P450s (P450s) catalyze 
various important reactions such as synthesis 
of hormones and lipids, and detoxification of 
poisonous substances in food and pesticides. To 
understand the functions of the insect P450s, 
we extracted the Bombyx P450 genes using the 
genome sequence data of Bombyx mori (368Mb; 
192 scaffolds, average 1.96Mb). Eighty-seven 
loci of P450 genes were located on 19 of the 28 
chromosomes.  This number was comparable 
with 86 loci of Drosophila melanogaster, 106 of 
Anopheles gambiae, 173 of Aedes aegypti, 47 of 
Apis mellifera and 127 of Tribolium castaneum.  
Fifty three of the 87 Bombyx P450s were found 
to be expressed in the EST libraries.  The 
87 genes were located on 19 chromosomes, 
but there were no P450 genes on the other 9 
chromosomes. CYP6AE, CYP9A and CYP9G, 
CYP340, and CYP341 formed duplicate clusters 
and these genes had higher copy number in 
Bombyx mori compared with the other insect 
species. These genes are specific to Bombyx and 
Lepidopteran species and are presumed to be 
involved in Bombyx- or Lepidopteran-specific 
metabolic activity such as detoxication of 
furanocoumarin in Papilio. When the P450s from 
various insect species were compared on the 

phylogenic tree, some P450s formed ortholog 
clades in which one gene basically came from 
one species (Fig. 4). The orthologs of CYP15C1, 
CYP302A (dib), CYP306A (phm), CYP307 (spok/
spookier), CYP314A (shd), and CYP315A (sad) 
were involved in the synthesis of ecdysteroids 
and the juvenile hormones. This indicates the 
other orthologous conserved P450s such as 
CYP18, CYP49, CYP301, CYP303 and CYP305 
could be involved in metabolic pathways as 
crucial as the biosynthesis of ecdysteroids and 
juvenile hormones.

I nvertebrate Gene Function Research Unit

Comparative pharmacology of two D1-like 
dopamine receptors cloned from the silkworm 
Bombyx mori
　Dopamine (DA) is a physiologically important 
biogenic amine in insect peripheral and nervous 
tissues. We cloned two DA receptors (BmDopR1 
and BmDopR2) from the silkworm Bombyx 

mori and identified them as D1-like receptors, 
which activate adenylate cyclase to increase 
intracellular cAMP levels. These two receptors 
were stably expressed in HEK-293 cells and 
the dose-responsiveness to DA and their 
pharmacological properties were examined 
using cAMP assays. BmDopR1 showed a large 
increase in cAMP levels at 10–8 M DA, while 
BmDopR2 required 10–6 M DA for activation. 
In BmDopR1-expressing cells, DA at 10–6–10–4 M 
induced 30–50% lower cAMP production than 
10–8–10–7 M DA. BmDopR2-expressing cells 
showed a standard sigmoidal dose-response, 
with maximum cAMP levels attained with 
10–5–10–4 M DA. Both receptors had similar 
agonist profiles and the typical vertebrate D1-
like receptor agonist SKF-38393 was ineffective. 
Experiments with antagonists revealed that 
BmDopR1 exhibits D1-like features. However, 
the pharmacology of BmDopR2 was distinct 
from D1-like receptors; the typical vertebrate 
D1-like receptor antagonist SCH-23390 was 
less potent than the nonselective antagonist 
flupenthixol and the D2-like receptor antagonist 
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Fig. 4 An unrooted neighbor-joining phylogenic tree of the insect one-to-one ortholog P450s  
One thousand bootstrap pseudoreplicates were performed and > 90% bootstrap trials are indicated.  
Aa: Aedes aegypti (the yellow fever mosquito).  Ag: Anopheles gambiae (the African malaria mosquito).  Am: Apis 
mellifera (the honey bee).  Dp: Diploptera punctata (the Pacific beetle cockroach).  
Tc: Tribolium castaneum (the red flour beetle).

chlorpromazine. The rank order of potency of 
several antagonists for BmDopR1 and BmDopR2 
was more s imilar to that of  Drosophi la 

melanogaster DA receptors than Apis mellifera 
DA receptors. These data suggest that DA 
receptors could be potential targets for specific 
insecticides or insectistatics (Fig. 5). 

Glutamine synthetase gene expression during 
head regeneration of the annelid Enchytraeus 
japonensis
　Enchytraeus japonensis is a highly regenerative 
oligochaete annelid that can regenerate 
a complete individual from a small body 
fragment in 4-5 days. In the previous study, 
we performed cDNA subtraction cloning to 
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Fig. 5 Functional analysis of Bombyx mori dopamine receptor-1 (BmDopR1) and 2 in human embryonic kidney 
(HEK) 293 cells
Effects of various biogenic amines were examined on intracellular cAMP levels in HEK293 cells stably transfected 
with BmDopR1 (A) and 2 (B). Each amine [10 nM in (A) or 1 µM in (B)] was added to HEK cells (5 × 105 /dish). 
Cells were incubated for 10 min at 37 °C and intracellular cAMP levels were then determined. White bars in (A) or 
(B), cAMP levels in Mock-HEK cells untransfected with BmDopR1 or 2; Black bars in (A) or (B), cAMP levels in 
BmDopR1- or BmDopR2-HEK cells transfected with BmDopR1 or BmDopR2; Control, no addition of any biogenic 
amines; OA, octopamine; TA, tyramine; DA, dopamine; 5-HT, serotonin. Data represent the average ± SEM of at 
least three independent experiments.

isolate genes that are upregulated during 
E. japonensis regeneration and identified 
glutamine synthetase (gs), a ubiquitous and 
key enzyme in nitrogen metabolism, as one of 
the most abundantly expressed genes during 
this process. This year, we showed that the 
full-length sequence of E. japonensis glutamine 
synthetase (EjGS), which is the first reported 
annelid glutamine synthetase, was highly 
similar to other known class II glutamine 
synthetases. EjGS shows a 61-71% overall amino 
acid sequence identity with its counterparts 
in various other animal species, including 
Drosophila and mouse. We performed detailed 
expression analysis by in situ hybridization and 
revealed that strong gs expression occurs in the 
blastemal regions of regenerating E. japonensis 
(Fig. 6a). This expression was detectable from 
the early stages of the regenerative process 
in the cell layer covering the wound (Fig. 6b), 
and was found to persist in the epidermal 
cells during the formation and elongation of 
the blastema (Fig. 6c-e). In situ hybridization 
analyses with paraffin-embedded sections 

additionally revealed that the gs expression 
pattern was mainly restricted to the epidermal 
cells in the early blastema (Fig. 6h), but 
also did occur in the inside tissues of the 
elongated blastema, where it was detected in 
the presumptive regions of the brain, ventral 
nerve cord, and buccal cavity (stomodeum), in 
addition to the prostomium and epidermal cells 
(Fig. 6i). In the later stages of regeneration, by 
which time segmentation and organogenesis 
were almost complete, the gs expression levels 
in the blastemal regions had become reduced 
(Fig. 6f). In the fully formed intact head, 
however, the gs expression was detectable 
in the prostomium, brain, anterior end of the 
ventral nerve cord, epithelial cells lining the 
buccal and pharyngeal cavities, pharyngeal pad, 
and esophageal appendages (Fig. 6g, j). These 
results, which were published in Development 
Genes and Evolution 218, 39-46 (2008), suggest 
that glutamine synthetase may play critical 
roles in annelid regeneration and nerve 
function.
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Fig. 6 Glutamine synthetase mRNA expression during head regeneration in E. japonensis
Transcripts were detected using whole mount in situ hybridization (a-g) or in situ hybridization 
analysis of paraffin-embedded sections (h-j) using an antisense gs riboprobe, with the exception 
of the lower specimen shown in a. The anterior is to the left and the ventral side is down in each 
image. Arrowheads indicate the amputated sites. 
a Whole-body images of regenerating fragments at about 1 day after amputation with the anterior 
blastema and an intact tail. The lower specimen was hybridized with a sense probe. 
b-f Lateral views of anterior blastemas at about 1 (b), 1.5 (c), 2 (d), 2.5 (e) and 4 days (f) after 
amputation. 
g Lateral view of an intact head. 
h-i Sagittal sections of anterior blastemas at about 1.5 (h) and 2 days (i) after amputation. 
j Sagittal section of an intact head. ba, brain anlage; br, brain; bc, buccal cavity; ch, chloragocyte; 
ea, esophageal appendage; ep, epidermal cell; es, esophagus; gl, gut lumen; m, mouth; pc, 
pharyngeal cavity; pp, pharyngeal pad; pr, prostomium; st, stomodeum; va, ventral nerve cord anlage; 
vn, ventral nerve cord. 
Scale bars, 50 µm.
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Vitrification is essential for anhydrobiosis in an 
African chironomid, Polypedilum vanderplanki 
　Some organisms can survive adverse 
environments such as drought and low 
temperature by means of various physiological 
and biochemical adaptations. An ultimate 
strategy to survive drought conditions is 
anhydrobiosis, in which an organism loses 
virtually all its free intracellular water, and 
ceases metabolism but remains capable of 
revival after rehydration. Anhydrobiosis has 
been found in various unicellular organisms, 
invertebrates and plants. Two mutually 
compatible hypotheses have been proposed to 
explain how organisms can stand the complete 
desiccation. The vitrification hypothesis 
proposes that mixtures of accumulated non-
reducing sugars and highly hydrophilic 
proteins, such as late embryonic abundant 
(LEA) proteins (see Annual report 2007) enter 
a glassy state during dehydration and thereby 
immobilize membranes and macromolecules 
in the cytoplasm, protecting them from 
denaturation, coagulation, and disintegration. 
The water replacement hypothesis proposes 
that the hydrophilic molecules afford a 
similar protection by directly interacting with 
macromolecules, mainly through hydrogen 
bonds, and thus take the place of water.  
Recently we have obtained physiological 
or physicochemical evidence supporting 
both hypotheses in the anhydrobiotic insect, 
Polypedilum vanderplanki in collaboration with 
Tokyo Institute of technology.
　Larvae of the African chironomid, P. 
vanderplanki, the largest multicellular animal 
capable of anhydrobiosis, synthesize a large 
amount of the non-reducing disaccharide 
trehalose upon slow desiccation over 48h (about 
20% of the dry body mass). Quickly dehydrated 
larvae with little accumulation of trehalose, 
however, can not revive after rehydration, 
indicating that trehalose is a key molecule 
for desiccation resistance. FTIR microscopic 

mapping image of the slowly desiccated 
larvae revealed that trehalose was uniformly 
distributed throughout the dehydrated body 
(Fig. 7). Differential scanning calorimetry 
measurements (Fig. 8B) indicated that trehalose 
in the larval body is in an intracellular 
glass form. The onset, middle and end glass 
transition temperatures (Tg) were 62˚C, 65˚
C and 71˚C, respectively, meaning that larval 
cytoplasm was in a glassy state at <62˚C and in 
a rubbery state at >71˚C. Changing from glassy 
to rubbery state due to either heating (Fig. 8A) 
or allowing slight moisture uptake (Table 1) 
greatly reduced the survival rate of dehydrated 
larvae. In nature, P. vanderplanki larvae can 
survive 8 months of the dry season in dried 
mud on rocks, in spite of the fact that surface 
temperatures of the rocks can reach 60˚C at 
midday (according to our field survey). The 
dehydrated larvae should be able to maintain 
a glassy state under these conditions, since 
their Tg (onset Tg = 62˚C) is higher than the 
temperature on the rock surface. In the present 
study, heat treatment at 80˚C for less than an 
hour did not kill all anhydrobiotic larvae, even 
though they probably passed from a glassy 
to a rubbery state. We assume that damaging 
actions are delayed by high viscosity in the 
rubbery state, thus the slowly dehydrated 
larvae can escape from death for a brief period.
　In addition, FTIR spectra showed that sugars 
formed hydrogen bonds with phospholipids 
and those membranes remained in the liquid-
crystalline state in the anhydrobiotic larvae. 
These results indicate that larvae of P. 
vanderplanki survive extreme dehydration by 
replacing the normal intracellular medium 
with a biological glass. Taken together, these 
results indicate that water replacement and 
vitrification are both involved in anhydrobiosis 
in P. vanderplanki.
　The mechanisms of desiccation tolerance 
unveiled in this work might provide important 
hints for developing the long-term storage of 

A nhydrobiosis Research Unit
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a variety of cells, tissues and possibly even 
organs in a dry state.  Indeed, efforts to confer 
desiccation tolerance on non-anhydrobiotic 
organisms by introducing large amounts of 

trehalose into target cells via a facilitated 
trehalose-transporter and by engineering 
concomitant functions necessary for protective 
responses to desiccation stress are underway.

Fig. 7 Optical and FTIR imaging data for a slowly dehydrated larva and a quickly dehydrated larva  
Intensities of the characteristic 992 cm-1 peak corresponding to trehalose and 1540 cm-1 peak 
corresponding to the amide II of proteins were mapped.  Unequal apparent trehalose distribution due 
to variation in thickness of the larvae was normalized by dividing intensity of the peak at 992 cm-1 
by that of the amide II band.  Spatial resolution is 12.5 × 12.5 µm.  Warm colours indicate higher 
intensity, i.e., larger amounts of the molecule.  Scale bar: 500 µm.

Table 1 Effects of humidity on the water and trehalose contents, recovery rate, and physicochemical 
properties of slowly dehydrated larvae
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Fig. 8 Glass in anhydrobiotic larvae and their recovery after heat treatments
(A) DSC thermograms for slowly and quickly dehydrated larvae. A baseline shift around 60-70℃
in the slowly dehydrated sample indicates the phase transition.  (B) Dependence of the recovery 
rate after rehydration on exposure to high temperatures in slowly (closed symbols) and quickly 
dehydrated larvae (open symbols).  Circles and triangles show recovery after exposure to high 
temperature for 5 min and 1 h, respectively.
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A genome-wide analysis of genes and gene 
families involved in innate immunity of Bombyx 
mori
　A genome-wide analysis of innate immunity-
related genes and gene families was conducted 
using the silkworm, Bombyx mori (Lepidoptera). 
We identified valid orthologs for nearly all 
genes involved in insect immunity that have 
been reported from Drosophila melanogaster 

(Diptera) ,  Anophe les gambiae  (Diptera) , 
Apis mellifera (Hymenoptera) and Tribolium 
castaneum (Coleoptera). Bombyx mori has unique 
recognition and antimicrobial genes that are 

not present in the Drosophila, Anopheles, Apis 
and Tribolium genomes, suggesting a lineage 
specific gene evolution for lepidopteran insects. 
The comparative analysis of the insect immune 
repertoires indicated a dynamic and flexible 
gene expansion in recognition, modulation 
and effector mechanisms in contrast to a 
constant and conserved gene evolution in 
signal transduction pathways. Differential gene 
regulation by different bacterial species was 
found in PGRP and Serpin genes, suggesting that 
Bombyx has a highly selective gene regulation 
system depending on bacterial species (Fig. 9).

I nnate Immunity Research Unit

Fig. 9 Phylogenetic analysis of peptidoglycan recognition protein (PGRP) domains
The amino acid sequences from 12 Bombyx (Bm), 16 Drosophila (Dm), 9 Anopheles (Ag), 4 Apis (Am) 
and 4 Samia (Sc) PGRP domains were used to build the unrooted tree. The arrowheads at nodes 
indicate bootstrap values greater than 750 from 1000 trials. BmPGRP-S1 to S5, BmPGRP-L2, L3 
and L5 have signal peptides for secretion, whereas BmPGRP-L1 and L4 contain a transmembrane 
domain.
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Fig.10 Strategy to create the inverted repeat DNA in pIEx-4-BmU6M
pIEx-4-BmU6M possesses B. mori U6-2 promoter (represented as black box) and “5’-CCATGGCT
GCAGAGGCCTTTTTCACTAAGTG-3’” including an NcoI site (CCATGG), StuI site (AGGCCT) and a 
T cluster at the 3’ downstream region of the promoter. An annealed hairpin oligonucleotide is ligated 
with the StuI-digested blunt end of linear pIEx-4-BmU6M. Bst DNA polymerase extends the 3’ end of 
the NcoI digested terminus and 3’ end at the nick followed by the displacement of the 5’ portion of 
the stem-loop oligonucleotides. Kinase reaction and self-ligation make a shRNA expression plasmid.

Gene expression of a novel defensin, an 
antimicrobial peptide in the silkworm, Bombyx 
mori
　 c D N A  e n c o d i n g  a  n o v e l  d e f e n s i n 
(BmDefensinB) was cloned from the fat body 
of the silkworm, Bombyx mori, and gene 
expression was analyzed. BmDefensinB showed 
typical structural characteristics of invertebrate 
defensins.　Phylogenetic and bootstrap analyses 
indicated that it has no orthologs, whereas 
previously reported BmDefensinA is the ortholog 
of Spodoptera frugiperda (Sf)Spodoptericin. The 
BmDefensinB gene was expressed tissue-
specifically in the fat body and was strongly 

shRNA expression plasmids generated by a 
novel method efficiently induce gene-specific 
knockdown in a silkworm cell line
　RNAi knockdown by using shRNA expression 
plasmids is widely used to determine the 
function of individual genes in mammals. Here 
we developed a simple method to create an 
IR DNA in a U6 small nuclear RNA promoter-
based parent vector using a single-stranded 
IR DNA with short hairpin structure and 
Bst DNA polymerase (Fig. 10). Furthermore, 
we demonstrated that the shRNA expression 
plasmids constructed by our method effectively 
induced target-specific RNAi in the silkworm 
cell l ine .  We also found that sequence-
preference in the silkworm cell line was much 
lower than in mammalian cells and shRNA-

induced RNAi was influenced by the length of 
the stem-region. 
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activated by bacteria such as Escherichia coli 
and Bacillus subtilis, and by an entomopathogenic 
fungus Beauveria bassiana (Fig. 11). In contrast, 
the BmDefensinA gene was expressed to a much 
lesser extent. Expression of the BmDefensinB 

gene was strongly stimulated by B. mori Rel 
proteins, RelB and Relish, supporting the 

Fig. 11 Activation of BmDefensinA and BmDefensinB  Genes by Bacteria and a Fungus
Real-time RT-PCR was performed with RNA samples using specific primers for transcripts of 
the BmDefensinA and BmDefensinB genes. The bars show the mean ± SD of relative mRNA copy 
numbers (n = 4). BmDefA, BmDefensinA; BmDefB, BmDefensinB; S, saline; Ec, E. coli; Sa, S. 
aureus; Bs, B. Subtilis; Bb, B. Bassiana

observation that this gene is activated by E. 
coli, B. subtilis, and B. bassiana. These results 
suggest that BmDefensinB gene expression is 
controlled through both the Toll and the Imd 
pathway, and that this gene plays an important 
role in B. mori immune reactions against 
infection by bacteria and fungi.
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Fig. 12 SDS-PAGE analysis of the fractions from Resource PHE
MW: molecular weight standard. Each molecular weight is 
shown at the left in kDa. 11-17: fractions from Resource PHE. 
β-Glucosidase activity was mainly detected in fractions 15 to 
16. An arrow indicates the band of β-glucosidase.

Table 2 Purification of salivary β-glucosidase of Nephotettix cincticeps

Purification of salivary β-glucosidase of 
Nephotettix cincticeps
　The green rice leafhopper (GRH), Nephotettix 
cincticeps, injects saliva into plant tissue during 
the feeding process. β-glucosidase (EC 3.2.1.21) 
activity has been detected in salivary glands 
and saliva of GRH. The salivary β-glucosidase, as 
well as other salivary components, is considered 
to play an important role in overcoming the 
plant defense responses expressed against 
insect feeding. To investigate the function of 
β-glucosidase in the feeding process, we have 
purified this enzyme from leafhopper heads 
containing salivary glands. Addition of cold 
acetone to crude extracts of 17,533 female 
heads precipitated β-glucosidase. The acetone 
precipitate fraction was subjected to a series of 
chromatography steps: gel filtration (Superdex 

200 pg), cation-exchange chromatography 
(Resource S), metal affinity chromatography 
(HiTrap Chelating HP) and hydrophobic 
chromatography (Resource PHE). From this 
procedure, 45 µg of purified β-glucosidase 
was obtained (Table 2) and was shown as a 
single band with a molecular weight of ca. 60 
kDa by SDS-PAGE analysis (Fig. 12), although 
β-glucosidase was eluted in 3 peaks on cation 
exchange chromatography. Because molecular 
weights estimated by gel filtration and SDS-
PAGE were nearly the same, the salivary 
β-glucosidase was predicted to be a monomer 
protein .  All isozymes showed the same 
properties, i.e. β-Glucosidase activity hydrolyzed 
synthetic substrate NPβGlc and NPβGal. Salicin 
and cellobiose were also hydrolyzed, while 
arubtin and lactose were poorly hydrolyzed.

I nsect Interaction Research Unit
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Enzymatic adaptation of the silkworm, Bombyx 
mori, to the strong anti-insect defense of 
mulberry trees caused by high concentrations 
of sugar-mimic alkaloids in mulberry latex  
　The mulberry (Morus spp.)-silkworm (Bombyx 
mori) relationship has been one of the oldest and 
the best-known plant-herbivore interactions for 
thousands of years during sericulture history; 
however, the molecular mechanisms of the 
relationship has never been studied in detail.
　Our recent studies showed that mulberry 
leaves (Morus spp.) exude latex rich in sugar-
mimic alkaloids, 1,4-dideoxy-1,4-imino-D-
arabinitol (D-AB1) and 1-deoxynojirimycin 
(DNJ) (Fig. 13), as a defense against herbivorous 
insects not adapted to mulberry trees. Sugar-
mimic alkaloids, which are inhibitors of sugar-
metabolizing enzymes, are highly toxic to the 
Eri silkworm, Samia ricini, a generalist herbivore 
that has not adapted to feeding on mulberry 
leaves, but not at all toxic to the domesticated 
silkworm, Bombyx mori, a specialist feeder on 
mulberry leaves. To address the phenomena, 
we fed larvae of both species diets containing 
different sugar sources (sucrose, glucose or 
none) with or without sugar-mimic alkaloids 
from mulberry latex. In S. ricini, addition 
of sugar-mimic alkaloids to the sucrose (the 
major sugar in mulberry leaves) diet reduced 
both growth and the absorption ratio of sugar, 

but it reduced neither in B. mori. The midgut 
soluble sucrase activity of S. ricini was low and 
inhibited by very low concentrations of sugar-
mimic alkaloids (IC50 = 0.9 - 8.2 μM), but that 
of B. mori was high and not inhibited even by 
very high concentrations (IC50>1,000 μM) of 
sugar-mimic alkaloids (Fig. 14). In S. ricini, the 
addition of sugar-mimic alkaloids to the glucose 
diet still had considerable negative effects on 
growth, although it didn’t reduce the absorption 
ratio of glucose. The hemolymph of S. ricini fed 
sugar-mimic alkaloids contained sugar-mimic 
alkaloids. The trehalose concentration in the 
hemolymph increased significantly in S. ricini 
fed sugar-mimic alkaloids, but not in B. mori. 
The trehalase activities of S. ricini were lower 
and inhibited by lower concentrations of sugar-
mimic alkaloids than those of B. mori. These 
results suggest that sugar-mimic alkaloids in 
mulberry latex exert toxicity to S. ricini larvae 
first by inhibiting midgut sucrase and digestion 
of sucrose, and secondly, after being absorbed 
into hemolymph, by inhibiting trehalase and 
utilization of trehalose, the major blood sugar. 
Further, our results reveal that B. mori larvae 
evolved enzymatic adaptation to mulberry 
defense by developing sucrase and trehalase 
that are insensitive to sugar-mimic alkaloids. 
These results showed for the first time in 
the long history of sericulture, the molecular 

Fig. 13 Mulberry latex (left, arrows) and sugar-mimic alkaloids (right) in mulberry latex whose 
biological and physiological effects on mulberry specialist and generalist insects were examined in 
the present report
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Fig. 14 Differential inhibitory effects of sugar-mimic alkaloids on midgut soluble sucrase activities of 
fourth instar larvae of S. ricini, a generalist and B. mori, a mulberry specialist
(A) Inhibitory effects of DNJ. (B) Inhibitory effects of D-AB1. Each point is an average of values from 
two independent enzyme assays.

Essential compounds in herbivore-induced 
plant volatiles that attract the predatory mite
　A dozen species of predatory mite are 
attracted to the volatiles produced by plants 
infested with prey spider mites. The olfactory 
responses of predatory mites are affected 

by their previous feeding experience. For 
example, one of the important predatory mites 
in Japan, Neoseiulus womersleyi (Schicha), was 
more attracted to the volatiles from Tetranychus 
kanzawai–infested tea plant on which they had 
been reared, but was not attracted to the T. 
urticae–induced kidney bean plant volatiles 
they had not previously experienced (Fig. 
15). On the contrary, when N. womersleyi was 
reared on the T. urticae–infested bean plant, it 
showed significant preference to the bean plant 
volatiles, but no preference to the tea plant 
volatiles. Because the positive response to the 
plant volatiles occurs after 24 hrs experience, it 
would be a learned response. 
　To identify the attractant components in 
prey-induced plant volatiles of two prey–plant 
complexes, we conducted a bioassay using 

Fig. 15 The olfactory responses of N. womersleyi to volatiles produced by tea leaves and kidney 
bean leaves
N. womersleyi had been reared with T. kanzawai–infested tea leaves or T. urticae–infested kidney 
bean leaves before the bioassay. Plant species listed along the left side of the graph represent the 
species used for the rearing and the bioassay, respectively. 

mechanisms of ecological and evolutionary 
interactions between mulberry trees and its 
specialist, the silkworm, B. mori. The results 
of our molecular-level study on mulberry – 
mulberry specialist interaction as mediated 
by secondary metabolites will add to our 
understanding of plant-herbivore interactions 
and coevolutionary processes from chemical, 
physiological, ecological and evolutionary points 
of views, and could well serve as the basis for 
further studies using various approaches. 
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Fig. 16 The olfactory response of N. womersleyi to (a) tea plant–related volatiles, (b) kidney bean 
plant–related volatiles
Host plant chemicals serve intraspecific communication in the white-spotted longicorn beetle, 
Anoplophora malasiaca (Thomson) (Coleoptera: Cerambycidae).
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Fig. 17 The major sesquiterpenes from Citrus unshiu leaves

synthetic volatiles. N. womersleyi reared on T. 
kanzawai–infested tea leaves showed significant 
preference for a mixture of three synthetic 
compounds [mimics of the T. kanzawai–induced 
tea leaf volatiles: (E)-β-ocimene, (E)-4,8-dimethyl-
1,3,7-nonatriene (DMNT), and (E,E)-α-farnesene] 
at a level comparable to that for T. kanzawai–
induced tea plant volatiles (Fig. 16a). However, 
mixtures lacking any of these compounds did 
not attract the predatory mites. Likewise, N. 
womersleyi reared on T. urticae–infested kidney 
bean plants showed a significant preference 
for a mixture of four synthetic compounds 
[mimic of the T. urticae–induced kidney bean 
plant volatiles: DMNT, methyl salicylate, 
β-caryophyllene, and (E,E)-4,8,12-trimethyl-
1,3,7,11-tridecatetraene] at a level comparable 
to that for T. urticae–induced kidney bean plant 
volatiles (Fig. 16b). The lack of any of the four 
compounds also resulted in no attraction. These 
results indicate that N. womersleyi can use at 
least four volatile components to identify prey-
infested plants.
　Chemical components that attract males in 
the laboratory were extracted from the female 
elytra of the white-spotted longicorn beetle, 
Anoplophora malasiaca (Thomson) (Coleoptera: 
Cerambycidae), and found to be comprised of 

several sesquiterpene hydrocarbons. Males 
located females that had fed on the bark of the 
host plant Citrus unshiu more frequently than 
those fed on an artificial diet in the laboratory. 
Male attraction was also confirmed in the 
corresponding sesquiterpene fractions of the 
host plant.  The sesquiterpene fractions of 
female elytra and C. unshiu leaves showed quite 
similar GC profiles.  In the field, the beetles 
were found on C. unshiu trees baited with 
intact females or males as frequently as those 
baited with the leaf extracts containing the 
sesquiterpenes at different purification levels. 
The beetles were found on those baited trees 
significantly more frequently than on unbaited 
control trees. Males, as well as females attracted 
both sexes, and the male elytra also contained 
the sesquiterpenes that were identical with 
those in females and C. unshiu. This indicated 
that active components in the elytra are 
acquired from C. unshiu by feeding, contact 
and/or adsorption. These sesquiterpenes may 
serve for intraspecific communication in A. 
malasiaca. The major sesquiterpenes from the 
C. unshiu leaves were isolated and elucidated 
by NMR analyses of four sesquiterpene 
hydrocarbons, β-elemene (1), β-caryophyllene (2), 
α-humulene (3), and α-farnesene (4) (Fig. 17).
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Screening of the ultraviolet protectant for 
Bacillus thuringiensis product 
　Bacillus thuringiens (Bt), bacterial pathogen 
of insects, has been used for insect pest 
control. Spores and insecticidal crystallin 
inclusions of Bt are inactivated by sunlight 
and ultraviolet (UV) degradation is a main 
factor of the inactivation of Bt. To explore 
materials that could counteract UV radiation, 
we have established a screening method for 
testing UV protection ability of materials. A 
fluorescent lamp (peak, 315 nm; ranges, 270-370 
nm) was used to evaluate the effectiveness of 
UV protectants for Bt products. One-liter of Bt 
product suspension (1g/1,000 ml) was stirred 
and exposed to the UV at a distance of 5 cm for 
1-4 days. The Bt suspension was added into the 
diet, which was given to the 2nd instar larvae 
of silkworm, Bombyx mori . Percent growth 
inhibition was calculated based on differential 
weight gains of survivors in three days 
between the diets containing the irradiated 
and non-irradiated solutions. The toxicity of 
Bt suspension was clearly decreased with the 
exposure periods to the fluorescent lamp.
　Protectants against UV should be completely 
harmless for crops and animals and be priced 
moderately. Iron oxide, which is used as 
an ingredient of cosmetics, fulfills the two 
requirements. We tested iron oxide black 
(Fe3O4) and Iron (III) oxide and found that they 
acted as UV protectants. Field experiments 
would be necessary to evaluate the practical 
application of these materials.

Factors related with susceptibility of silkworm 
to entomopathogenic fungus
　Entomopathogenic fungi have been used 
as microbial control agents of insect pests. 
Advanced usage of fungal agents has potential 
risk for developing resistant pest strains 
against the fungal agents; therefore, it is 
important to investigate the mechanism of 
insect resistance against fungi and to explore 

the genes responsible. We are studying an 
entomopathogenic fungus, Beauveria brongniartii, 
a pathogen of some longicorn beetles that are 
important pests of maple, citrus, and mulberry 
trees. B. brongniartii shows low pathogenicity 
to silkworms. However, we found one silkworm 
strain susceptible to this fungus. To elucidate 
the silkworm susceptibility to the fungi, related 
genes were explored based on two approaches. 
One is positional (map-based) cloning of the 
resistant gene based on the silkworm genome 
data and the other is a comprehensive gene 
expression study using silkworm microarray. 
The latter approach, comparison of gene 
expression profiles of some tissues between 
fungal infected and uninfected larvae, showed 
that some genes encoding proteases were 
highly up-regulated due to infection.

Effects of a chitin synthesis inhibitor on a 
common cutworm, Spodoptera litura
　Lepidopteran insects have the peritrophic 
membrane (PM) inside their intestinal tract. 
This membrane prevents direct contact of the 
food bolus to the intestinal cells and serves 
as a barrier against an infection of viruses 
contaminating the diet. Denaturation of the 
PM promotes viral infection in insects. Thus, 
denaturation agents of the PM are candidates 
for additives in viral pesticides. The PM has a 
mesh-like skeleton that is composed of chitin 
fibrils made by chitin synthase in the midgut 
cells.
　In the previous studies, we reported that oral 
administration of Polyoxin AL, a fungicide that 
inhibits chitin synthase, destroyed the PM of a 
silkworm, Bombyx mori. The silkworm became 
highly sensitive to a nucleopolyhedrovirus, 
BmNPV. Polyoxins usually inhibit insect 
molting when injected into the hemocoel 
directly. In the present study, we examined the 
effect of oral treatment of Polyoxin AL on the 
larval development of the common cutworm 
Spodoptera litura and on the infection of a 

I nsect-Microbe Research Unit
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nucleopolyhedrovirus of S. litura, SpltNPV.
　Polyoxin chemical derivatives were orally 
given to the cutworm. Unexpectedly, a low 
concentration (0.03 % ) of the chemicals caused 
death of the cutworm. Polyoxin AL did not 
enhance the SpltNPV infection in S. litura 
larvae when administered orally at a dose that 
did not inhibit larval molting. Microscopical 
observation showed an incompetence of 
new cuticle formation in the dead larvae. 
Different responses to Polyoxin AL were 
observed between B. mori and S. litura. Oral 
administration of Polyoxin is much more 
effective against cuticle formation of S. litura; it 
might serve as a lead chemical for development 
of a new insecticide specifically effective to S. 
litura.

Identification of ribosomal protein that interacts 
with the conserved loop region of an insect 
virus RNA element
　Plautia stali intestine virus (PSIV) is a member 
of the family Dicistroviridae . Dicistrovirus 
genomes contain a structurally conserved 
intergenic region–internal ribosome entry site 
(IGR-IRES) for translation of the virus capsid 
protein. Unlike the usual translation process, 
translation initiation mediated by IRES does 
not require base-pair interaction between an 
AUG initiation codon and initiator Met-tRNA. 
Because an elongator tRNA is used for the first 
decoding triplet, the IRES-mediated translation 
could produce proteins which have various 
N-terminal amino acids in cell-free translation 
systems. A cryo-electron microscopy study 
has reconstituted an image of the IGR-IRES of 
cricket paralysis virus docking on the human 
ribosome. However, biochemical evidence 
showing one-to-one correspondence between 
nucleotides in the IRES and structural elements 
of the host cell ribosome remains lacking.
　Usually, assembly of the eukaryotic 80S 
ribosome on normal mRNA is completed under 
the control of eukaryotic initiation factors (eIFs). 
In contrast, ribosomal assembly occurs directly 
on the dicistroviral IGR-IRES in the absence 
of eIFs; the IGR-IRES acts as an RNA-based 
translation factor. Chemical and enzymatic 
footprint analyses revealed that the 5' region 

of the IRES interact with 40S ribosomes. In 
contrast, the 3' region of the IRES, which 
consists of a pseudoknot that is responsible for 
determining the reading frame of the mRNA, 
was exposed to the interface side very close 
to the P site of the 40S ribosome. The IRES 
of dicistroviruses is recognized by ribosomes 
from various eukaryotes, such as insects, yeast, 
human and wheat. However, ribosomes from E. 
coli did not recognize the IGR-IRES and the S30 
extract of E. coli was unable to conduct IGR-
IRES-mediated translation.
　To identify sites on the 40S ribosomal 
subunit that interact with the IGR-IRES of 
PSIV, we carried out chemical modification and 
crosslinking analyses against the 18S rRNA 
and 40S ribosomal proteins. The crosslinking 
analyses suggested that the IRES interacts 
mainly with ribosomal proteins, rather than the 
18S rRNA. In addition, the ribosomal protein 
S25 (rpS25), which was crosslinked to the 
conserved domain 2 region in the IRES, does 
not have a prokaryotic counterpart, explaining 
why IGR-IRES-mediated translation does not 
occur with bacterial ribosomes.

Transinfection of Wolbachia endosymbionts 
into silkworm
　Wo l b a c h i a  a r e  ma t e rna l l y - i nhe r i t ed 
endosymbiotic bacteria of invertebrates that 
can manipulate the reproductive systems of 
their arthropod hosts in a variety of ways. In 
some populations of the yellow butterfly, Eurema 
mandarina, genetic males are feminized by the 
Wolbachia endosymbiont. To establish a useful 
model system for investigating the mechanism 
of Wolbachia-induced host feminization, we 
cultivated the Wolbachia in a cell line of the 
silkmoth Bombyx mori, which were subsequently 
inoculated into silkworm larvae.
　Wolbachia was stably maintained in the 
cultured cells for more than one year (> 
30 passages). The Wolbachia densities in 
the cultured cells were approximately ten-
fold higher than those in the native host E. 
mandarina. Then we inoculated the Wolbachia 

harbored by B. mori cell cultures into intact 
B. mori at four immature stages. Wolbachia 

were detected at relatively high frequencies 
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(60-80% of individuals) in the somatic tissues 
of inoculated insects. Wolbachia proliferated 
in the somatic tissues of B. mori and attained 
the density level comparable to that in the 
native host E. mandarina. However, none of the 
inoculated insects produced mature oocytes 
that were Wolbachia-positive. This finding was 
consistent with the fact that Wolbachia was 
not detected in individuals in subsequent 
generations. These results suggest that the 
Wolbachia densities in somatic tissues are 
regulated by the living host insects and that 
infection and/or proliferation of Wolbachia 
in germline cells are actively hindered by 
regulation in B. mori.

Detection and characterization of recently-
discovered endosymbiont in the arthropod, 
Cardinium
　A new group of bacteria in the phylum 
Cytophaga-Flavobacterium-Bacteroides (CFB) was 
found from an insect and a mite in 2001. These 
new bacteria (Cardinium) show reproductive 
alteration in host arthropods as does another 
endosymbiont Wolbachia. Cardinium in the 
parasitoid wasp cause parthenogenesis and that 
in the false spider mite cause feminization of 
their hosts. These bacteria are phylogenetically 
close to the bacterium isolated from a tick in 
1996 based on 16S ribosomal DNA sequence. 
This tick Cardinium was accidentally cultivated 
in the tick cells. We have characterized the 
tick Cardinium and have surveyed for Cardinium 

infection in some insect species.
　The tick bacterium was cultivated in 
mosquito cells AeAl-2 to test the spectrum of 
antibiotics against the bacterium. Effective 
antibiotics were ampicillin, chloramphenicol, 
penicillin-G, rifampicin, and tetracycline; 
these antibiotics are known to be effective 
against bacteria belonging to Bacteroides . 
Microarray analyses of cells infected with 
Cardinium indicated that Cardinium induced 
expression of antimicrobial peptide genes. 
This was not the case in Wolbachia, which did 
not up-regulate antimicrobial peptide genes, 
suggesting that Cardinium possess a compornent 
that is recognized by host immune system but 
Wolbachia does not.
　Diagnostic PCR for field collected spider 
mites, planthoppers, and Culicoides midges 
was performed. Spider mites and planthoppers 
species possessed Cardinium at high rates of 
83% and 46% , respectively. A spider mite 
species Eotetranychus suginamensis showed 
cytoplasmic incompatibility, which is caused 
by the pairing between Cardinium-infected 
males and uninfected females. A new group in 
Cardinium was found from Culicoides species. 
The Cardinium species in Culicoides formed a 
different clade in the phylogenetic tree and 
occupied a more basal position (ancestral 
position) of the tree. Wide distribution of 
Cardinium in the arthropods is obvious and their 
function in the arthropods is of interests.
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Fig. 18 Stress-Strain profiles of silk
Silk monofilaments were prepared from 5th instar larvae 
of wild type and transgenic silkworm at 50mm/sec 
ratio, then degummed. Four cm of silk was used for S-S 
analysis. Breaking points of wild type-silk (open circles) 
and modified-silk (filled circles), and those average 
points with standard deviations were indicated. Thin 
line and thick line are the average S-S curves of wild 
type-silk and modified-silk respectively.

　Research subjects of Silk-Materials Research 
Unit are silk proteins produced by silkworms, 
spiders, and hornets. We study physicochemical 
properties of these silk proteins and interactions 
with living body like cells. We develop new 
materials directed to use in medical areas such 
as cartilage regeneration scaffolds and wound 
dressing through development of fabrication 
and functioning technologies of the silk proteins 
by use of transgenic and chemical process.

Control of Pore Structure and Size on Fibroin 
Sponge
　We have reported that silk fibroin porous 
3D structure (fibroin sponge) is useful as a 
cell scaffold for cartilage regeneration. It is 
important to control the pore structure and size 
of fibroin sponges used for the cell scaffolds. 
We succeeded in development of technology to 
control the pore structure and size. We found 
that controlling the freezing process is a key 
factor to determine the pore structure and size. 
A brine freezing technique was used to control 
the freezing rate of the fibroin-organic solvent 
mixture. Rapid freezing to -20°C resulted in 
formation of a lamella pore structure in fibroin 
sponge. On the other hand, when the fibroin 
mixture solution was kept at -5°C for a few 
hours and cooled to -20°C for a few hours, and 
then kept at -20°C for several hours, a spherical 
cell like pore structure was observed. Further 
we found the freezing rate of the fibroin 
mixture solution from -5°C to -20°C determined 
the pore size in fibroin sponge.

Production of Spider Silk Fused Fibroin by 
Transgenic Silkworm
　We developed transgenic silkworms that 
express spider (Araneus ventricosus) dragline 
protein as a part of silk fibroin protein, and 
analyzed the physical properties of the silk. 
Firstly, we constructed a modified fibroin 
H-chain gene that contains fibroin H-chain 
control regions and the coding region for 

the fusion protein (a part of spider dragline 
protein fused between N-terminal domain and 
C-terminal domain of fibroin H-chain protein). 
Then we made a transgenic silkworm using 
the modified gene. The transgenic silkworms 
produced cocoons having a normal appearance 
and containing modified fibroin H-chain protein 
with spider silk. In order to analyze the 
physical properties, we prepared the silk, which 
was spun at a 30 mm/sec ratio directly from 
transgenic silkworm fusula. 
　By measuring the Stress-Strain profiles, we 
found that the silk from transgenic silkworm 
shows an equivalent breaking strength, 1.7 
times of breaking stress, and Young’s modulus 
also was twice that of wild-type (host strain 
for the transgenic) silkworm silk (Fig. 18). 
These results showed that we could modify 
the physical properties of silk by transgenic 
technology. Since the mechanisms of the change 
of these physical properties are unknown, 
analysis of the involvement of modified fibroin 
H-chain protein on the physical properties of 
silk is under way.

S ilk-Materials Research Unit
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Development of a Novel Film Material “Gel 
Film” from Bombyx mori Silk Sericin
　A novel film material, named gel film, made of 
Bombyx mori silk sericin (Fig. 19) was developed 
by drying sericin hydrogel prepared from intact 
sericin retaining its native molecular weight. 
The obvious difference between the gel film 
and the conventional cast film of sericin lies in 
their swelling behaviors: the planar dimension 
of the gel film remained unchanged upon 
wetting whereas that of the cast film increased 
ca. fourfold. This difference was found to be 
due to the difference of their structures. From 
infrared analysis, the gel film was revealed 
to contain intermolecular β-sheet networks 
formed during the gelation process whereas 
the major secondary structure found in the 
cast film was random coil. The formation of the 
intermolecular β-sheet networks is considered 
to arise from the intrinsic nature of sericin to 
form a water-insoluble structure after spinning, 
which was analyzed in detail by solid-state 
NMR last year. This structural characteristic of 
sericin gel film gives it much better mechanical 
strength and elasticity in the wet state than the 
cast film. These qualities make sericin gel film 
an attractive candidate as a novel naturally-
derived biomaterial for uses such as for wound 
dressing or tissue engineering applications.

Fig. 19 A photograph of wet sericin gel film
A 5-mm-thick sheet-shaped sericin hydrogel was first 
prepared by gelation of intact sericin solution with 
ethanol as a coagulant in a mold with 5-mm-thick 
spacer. The resultant hydrogel was dried and then 
wetted to yield a flexible and transparent wet sericin 
gel film of 0.20–0.25 mm thickness.

Contact Allergens Evaluation of Silk Materials 
by Guinea Pig Maximization Test
　It is important to confirm the biocompatibility, 
toxicity, and safety of silk materials for 
applications in medical fields. We preliminarily 
evaluated delayed hypersensitivity allergens of 
silk materials such as fibroin, sericin, and hornet 
silk films by the Guinea Pig Maximization test. 
Fig. 20 shows the results. A strong erythema 
and moderate edema was observed on skin 
contacted with 2,4-Dinitrochlorobenzen as a 
positive control. On the other hand, no strong 
reactions were elicited on skin contacted 
with silk films. This result indicates that silk 
films used in this experiment are not contact 
allergens.

Fig. 20 Photographs of back skin at contacted with 
various materials for 24 hr

Rat hepatocyte culture on lactose-modified silk 
fibroin
　We investigated the primary culture of rat 
hepatocytes on dishes coated with lactose-
modified silk fibroin bearing galactose residues 
as a scaffold material for tissue engineering. Rat 
hepatocytes that had attached onto dishes coated 
with the modified fibroin were subsequently 
cultured in a medium supplemented with 
epidermal growth factor (EGF) and insulin. 
After the rat hepatocytes extended flat on 
dishes coated with the modified fibroin in 2 
days of culture, these hepatocytes formed 
spherical multicellular aggregates (spheroids) 
about 100 to 300 mm in diameter at day 4. 
After 6 days of culture the spheroids were 
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Fig. 21 Phase-contrast microscopic feature of rat 
hepatocyte spheroids formed on dishes coated with 
lactose-modified silk fibroin

Structure Change of Spider Silk Protein by 
Dehydration
　Spider dragline silk is a fibrous protein and 
has exceptional mechanical properties. We have 
analyzed a partial cDNA sequence for spider 
silk proteins, but the molecular mechanism 
of spinning is not yet known. In order to 
obtain the molecular structure of silk protein 
of Japanese spider Nephila clavta, attenuated 
total reflectance (ATR) infrared spectroscopy 
was carried out. The secondary structure of 
silk protein was estimated by Fourier self-
deconvolution and curve-fitting procedures. 
A structure change from unordered structure 
to β-sheet structure was identified in silk 
solution from major ampullate, suggesting that 
the silk spinning process was involved in the 
structure transition of spider silk protein. On 
the other hand, polarized ATR measurements 
showed that most amide groups in silk fiber 
were oriented in the silk fibers with the 
aggregated strand structure (Fig. 22). In order 

to obtain insight into the spinning process, 
visual documentation is in progress using an 
ultra high-speed video camera-equipped with a 
microscope.

Fig. 22 ATR infrared spectra of spider silk protein with 
the dehydration process 
a: extracted silk solution, b: casting process, c: dried 
silk protein.

Development of a Biosensor Device using 
Pheromone Receptor
　Sensory organs of  insects have high 
sensitivity and selectivity. For example, a male 
silk moth can detect a single molecule of a 
sex pheromone from a female moth. This very 
high sensitivity results from receptor proteins 
in their antennae. Thus far, a biosensor that 
uses receptors, i.e., a receptor-based biosensor, 
has not been realized because of the receptor’
s unmanageability. Since receptor proteins 
have high specificity to stimulus molecules, a 
receptor-based biosensor is expected to have 
high sensitivity and selectivity to a stimulus. 
We focused on pheromone receptors and their 
signal transduction system existing in the 
antennae of male silk moths as the first model 
of our receptor-based biosensor.
　Here, we report the design of a biosensor 
that can be constructed by combining receptor 
proteins from insect sensory organs with a 
semiconductor device such as a field-effect 
transistor (FET), as shown in Fig. 23. This 

maintained without any obvious change in size 
on the coated dishes (Fig. 21). However, the 
detachment of the spheroids from dishes coated 
with the modified fibroin began from day 8, and 
the spheroids clearly shrank at day 10.  These 
results suggested that hepatocyte spheroid 
formation was induced on dishes coated with 
lactose-modified silk fibroin in the presence of 
EGF and insulin, but the coated dishes were not 
capable of maintaining the spheroids for more 
than 5 days.
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device is designed to detect the changes in lipid 
bilayer membrane potential. 

Fig. 23 Schematics of proposed receptor-based 
biosensor and typical recorded changes in membrane 
potential
The arrow shows the point of stimulation.

　We developed a lipid bilayer membrane that 
can immobilize pheromone receptors from male 
moth antennae. The bilayer membrane was 
formed on a polystyrene microchamber by lipid 
painting. We have designed and fabricated an 
insulated-gate field-effect transistor (IGFET) 
to record potentials of the bilayer. By using 
this bilayer-IGFET device, we could measure 
changes in the bilayer membrane potential 
with considerably low noise compared to a 
commercial patch-clamp amplifier, as shown 
in Figure 23. It shows that our IGFET device 
could measure the change in membrane 
potentials of the order of several tens of 
millivolts and can be used as a biosensor.
　Since antenna extracts include membrane 
proteins, e.g., pheromone receptors and ion 
channels, and other biomolecules concerning 
the signal transduction system of a male silk 
moth, we immobilized these biomolecules in the 
lipid bilayer membrane by the vesicle fusion 
method. The results of transmembrane current 
recording indicate that membrane proteins 
can be immobilized in our biosensor system. 
Currently, we are measuring pheromone 
response by using our bilayer-IGFET device. 
Furthermore, recombinant olfactory receptors 
are expressed in insect cells. These receptors 
will be used in our biosensor device in order to 
improve sensitivity and signal-to-noise ratio.
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Breeding of a strong filament race and factorial 
elucidation to the cocoon filament tenacity of 
silkworm
　Demand is rising for strong silk filaments in 
medical and new material fields. In response, 
we have been working to develop a new 
silkworm race which produces a strong cocoon 
filament. Three strong filament strains (c, a and 
s) were chosen from our breeding resources 
and genetic stocks in NIAS. In order to 
investigate the factor of filament strength, the 
tenacity of 10, 20 and 30 cm filament samples 
of strong and weak filament strains were 
measured.  A strong filament strain (c), which 
was observed as a uniform shape, showed 
almost the same tenacity for each length 
(Fig.24-c and d), although the longer sample had 
a lower tenacity in the weak strain ( Fig. 24-a 

and b).  This suggested that a fragile site on 
the filament surface affected the tenacity.  On 
the other hand, another strong filament strain (s) 
showed the same pattern as the weak filament 
strain, indicating other factors may be involved 
in cocoon filament tenacity.  We crossed these 
strong strains and individually screened the 
higher tenacity progeny.  The tenacity of the 
selected population has been increased after 6 
generations, although it had been lower than 
the parental strains through 5 generations (Fig. 
25).  
　We are also developing the polyphagous 
SERICIN HOPE for effective recovery of 
recombinant protein from cocoon shell, and 
chromosome substitution line for functional 
study of pract ical  traits using genome 
information.

S ilk Technology Unit

Fig. 24 Cocoon filament tenacity of strong and weak filament strains
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Relationship between filament size of cocoon 
and luster/color of the silk fiber 
　Luster and color are of interest as new silk 
characteristics. We confirmed that sild from 
different races of silkworm also differ in luster/
color. When luster and color value of raw silk 
was examined for each race, the silk of fine size 
was superior in luster.  Therefore we searched 
for a correlation of size and the luster value of 
silk. Our study showed a correlation between 
the luster and the size of the fiber (Fig. 26), and 
the contribution ratio was from 70 to 76 % in 

the raw silk. In addition, we researched these 
characteristics in a silk cloth. A similar trend 
was seen although the luster value declined 
because of the low density of the cloth fiber. We 
then examined degummed cloth in the same 
way (Table 3). The degree of whiteness and the 
luster value became higher after degumming. 
However, an aspect of the degree of whiteness 
changed with race before and after degumming. 
Therefore, it is considered that sericin has a 
large influence on the degree of whiteness.

Fig.26 Relationship between luster and size in raw silk and cocoon filament

Fig. 25 Change of cocoon filament tenacity on the breeding process
C, A and S indicate the breeding resource strains.
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Table 3 Characteristics of silk cloth in luster, color and size among the silkworm races

Characteristics of the silk materials of strong 
filament silkworm race and Watako cocoon 
race (floss type cocoon) 
　The 21denier raw silks were reeled from 
cocoons of silkworm races (SFC and  SFN), 
which were selected as a high strength. Then, 
physical properties of their raw silks and the 
suture threads produced from them were 
investigated. The node strength of SFC was 
about 24% stronger than for the control Chinese 

silkworm race (Fig. 27). 
　We investigated the property of the cocoon 
of “Watako” for production of silk floss. The 
color value and the curve of cocoon filament 
size of "Watako" were shown to be intermediate 
between “Ariake” (thick filament size race) and 
the normal race. The luminosity of silk floss 
made from “Watako” was the same level as 
normal, but the silk floss made from “Watako” 
was whiter (Table 4).

Fig. 27 Comparison of the node strength
X axis is shown name of silkworm races. From left to right, each names were shunrei x 
shogetsu, SFC(China), SFN(Japan), Hakugin 3rd instar, Hakugin 4th instar, Chinese race.
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Table 4 Comparison of the luminosity and color value of the silk floss

Development of cocoon f i lament base 
materials for artificial thin blood tubes
　Artificial blood tubes are generally made of 
PTFE (Poly Tetra Fluoro Ethylene) etc. The 
inside diameter of thick tubes is 3-4 mm and 
4-5 mm for thin tubes. However, it has been 
difficult to produce artificial tubes with 1 mm 
to 1.5 mm inside diameter. Last year, artificial 
blood tubes of 2-4 mm inside diameter were 
produced using cocoon filaments. This year, we 
attempted to produce thin artificial blood tubes 
with an inside diameter less than 1.5 mm. 
　Artif icial blood tubes are made by a 
combination of plating silk fibers and winding 
cocoon filaments onto the round core of a vinyl 
chloride rod. Very thin cocoon filaments from 

“Hakugin” silk worm race cocoons were used 

as 14 denier of silk thread for plating in the wet 
state. The material for winding also consisted of 
cocoon filaments from “Hakugin” cocoons used 
in the wet state. The combination of the silk 
fiber plating and the cocoon filament winding 
is done at least 2 times (Fig. 28).  Because both 
silk threads and cocoon filaments are wet, the 
tube becomes tight and it was possible to make 
artificial blood tubes with an inside diameter 
of 1.5 mm (Fig. 29). Using an artificial blood 
tube with an inside diameter of 1.5 mm, the 
experimental operation was tested with rats 
(Fig. 30). The blood tube section 12 months 
after transplantation showed that the tube 
worked perfectly (Fig. 31). The endothelial cells 
and the smooth muscle cells were formed inside 
of the blood tube.

Fig. 28 Producing states of the artificial blood tube made by plating silk threads and 
winding cocoon filaments in the wet state
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Fig. 29 The far thin blood tube state made of cocoon filaments
Inside diameter: Left is 1.5mmφ. Right is 1mmφ.

Fig. 30 Transplantation of the artificial blood tube to the rat

Fig. 31 Blood tube section passed 12 months after transplantation
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Division of Animal Sciences

　The Division of Animal Sciences consists 
o f  the  Animal  Genome Research Uni t , 
Reproductive Biology Research Unit, and 
Neurobiology Research Unit.

Research Background 
　Stock farm products, which are better 
balanced nutritionally and abundant in essential 
amino acids and other constituents, serve as 
important components of the human diet. In 
Japan, low cost and high quality stock raising 
must be achieved, despite the severe limitation 
of resources and high personal expenses in 
comparison with countries such as U.S.A. 
or Australia. In order to overcome these 
difficult conditions, it is necessary to improve 
stock raising technology, especially in animal 
breeding, reproduction, and management. In 
addition to the pursuit of economic efficiency, 
the concept of domestic animal welfare has 
recently encouraged American and European 
countries to provide new standards for 
domestic animal management. Moreover, in 
new industries other than stock raising, there is 
a global competitive environment for research 
of transgenic domestic animals. On the other 
hand, gene sequencing in domestic animals is 
conducted in collaboration with international 
consortiums. The Division of Animal Science 
accumulated the genome information and 
systematically used the information to improve 
domestic animals and create transgenic 
domestic animals for other fields such as 
medicine. To counteract the recent decrease 
of the conception rate in cattle and to improve 
somatic cell cloning technology, we conducted 
basic research to solve major problems in 
reproductive biology. Our research on the 
central regulatory mechanisms in instinctive 

behavior of animals would largely contribute 
to the development of animal production and 
husbandry. As international contributions, 
we have participated in the international 
consortium on swine genome sequencing. 

Animal Genome Research Unit aims to improve 
the genome resources of domestic animals 
and to develop systems that promote the use 
of genome information to contribute to “the 
high quality and safe production of livestock” 
and “the new use of livestock as physiological 
models of humans.” The unit also identifies 
genome regions related to economically 
important traits and develops DNA markers 
that can be applied to improvement of livestock 
and to animal identification and traceability. 

Reproductive Biology Research Unit aims to 
improve the conception rate directly concerned 
with the animal industry and to establish new 
reproductive technology involving oogenesis 
and spermatogenesis. The unit investigates 1) 
control mechanisms of maturation and meiosis 
of the germ cell, 2) control of implantation/
placentation, and 3) the differentiation control 
mechanism of stem cells in order to set up stem 
cell technology for novel animal industry.

Neurobiology Research Unit aims to elucidate 
the central mechanisms of learning, stress 
response, growth and reproduction in domestic 
animals to improve animal management 
systems.  The unit investigates neural functions 
of the hypothalamo-limbic system and its 
control mechanisms by environmental factors.

　The major research topics in the fiscal year 
2007 are described as follows:
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Development of SNPs using pig ESTs and full-
length cDNA sequences and construction of a 
linkage map 
　Identification of chromosomal regions 
responsible for various traits and knowledge 
of precise locations of genes in pigs are 
prerequisite for pig breeding utilizing DNA 
information.  To make a highly rel iable 
transcript map of pig genes for such purposes, 
we developed SNPs with PCR primers 
designed by following four methods (Fig. 1). (a) 
Utilization of SNPs detected among EST reads: 
SNPs were detected using PolyPhred among 
120,620 EST reads obtained from full-length-
enriched cDNA libraries (open to the public 
from Pig Expression Data Explorer; PEDE; 

http://pede.dna.affrc.go.jp/) after clustering. 
Sequences containing these SNPs, particularly 
SNPs detected between individuals of Western 
and Oriental breeds were aligned to the 
human genomic sequence to estimate regions 
of exons. PCR primers were designed within 
the estimated exonic regions. (b) Estimation of 
intronic regions by comparison with the human 
genomic sequence: The cDNA sequences 
possessing relatively short (<1 kb) intronic 
sequences were extracted by alignment 
of PEDE contigs with the human genomic 
sequence. PCR primers were designed in the 
sequences of flanking exons to amplify the 
intervening introns. (c) Utilization of porcine 
whole genome shotgun sequences: The PEDE 

T he Animal Genome Research Unit

Fig. 1 Development of SNP markers using full-length-enriched cDNA libraries
SNPs for markers located on the linkage map were developed by following four methods. (a) Utilization of 
SNPs detected among EST reads in the PEDE database (Pig Expression Data Explorer) between individuals 
of Western breeds and Chinese Meishan. (b) Development of SNPs in intronic regions estimated by EST 
contigs and the human genomic sequence. (c) Development of SNPs in the intronic sequences estimated by 
comparison of the EST contigs with the porcine whole genome shotgun sequences (SDJVP). (d) Development 
of SNPs using primers designed within the regions estimated as 3'-UTRs in the sequences of cDNA clones 
that had been completely determined.
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Table 1 Summary of the constructed linkage map
Numbers in parentheses indicate gene numbers corresponding to human genes. Sum of the gene numbers 
in respective sections does not coincide with the total number of genes, because there is redundancy in the 
genes among the types of markers.

contigs were aligned to the 0.66x porcine 
whole genome shotgun sequences generated 
by the Sino-Danish joint project (SDJVP) to 
obtain intronic sequences flanked with exons. 
PCR primers were designed to amplify the 
sequences containing both exons and introns. 
(d) Utilization of 3'-UTR sequences of full-
length cDNA sequences: Because most 3'-UTR 
sequences are encoded by single exons, PCR 
primers were designed within the 3'-UTR 
sequences of the cDNA clones that had been 
completely sequenced to amplify fragments 
using genomic DNA. We searched SNPs in 
the genome of individuals in the parental 
generation of a reference family, constructed 
with a male of Japanese Wild Boar and 
two females of Large White in Tokushima 
Prefecture, by using these primers. Genotyping 
of informative SNPs selected from those thus 
developed was performed on the Tokushima 
family consisting of 183 F2 individuals using 
the Time-of-Flight mass spectrometry system 
(Sequenom). The genotyping data of the SNPs 
as well as those of 237 microsatellite markers 
on the family were used for construction of a 
linkage map using CRI-MAP. The linkage map 
consisted of 1,578 markers including 1,341 SNPs. 

The SNPs in the linkage map corresponded to 
at least 1,036 genes (Table 1). This map offers 
useful information for pig genome sequencing 
now in progress, as well as contributes to 
isolation of responsible genes for economical 
traits in pigs.

Fine mapping of QTL for meat color on 
porcine chromosome 6 and analysis of NUDT7 
as a candidate
　Meat color is one of the important traits 
in pork production because color affects 
appearance and consumer acceptability of 
meats. A QTL for meat color was detected 
on  porc ine  chromosome 6  (Su s s c r o f a 
chromosome; SSC6) in two independent F2 
families. We developed SNPs within genes 
selected according to information from a 
comparative map between human and pig and 
performed interval mapping re-analysis. In both 
populations, the QTL was mapped between 
genes, GABARAPL2 and MAF (Fig. 2). In the 
region, a gene NUDT7 was mapped in human 
and mouse (Table 2). NUDT7 is a member of 
the Nudix hydrolases that function to eliminate 
potentially toxic metabolites from the cell. As 
the substrate of NUDT7, oxidized CoA was 
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listed from the study with yeast. Furthermore, 
the mouse NUDT7 showed substant ia l 
hydrolytic activity not only with oxidized CoA 
but also with acyl-CoA, including succinyl-
CoA which is a substrate in the biosynthesis of 
heme, an iron-containing porphyrin. As heme is 
a component of myoglobin which is the primary 
oxygen-carrying protein of muscle tissues, 
and forms pigments responsible for making 
meat red, we thought that NUDT7 could be a 
potential candidate gene of the QTL for meat 
color. We confirmed that swine NUDT7 was 
mapped in the QTL region by Radiation Hybrid 
and linkage mapping; however, polymorphism 

Fig. 2 Results of interval mapping re-analysis for meat color QTL on SSC6 in two independent F2 families after 
incorporating new SNP markers
SNP markers within genes were developed according to comparative map information between human and 
pig. In both populations, the QTL peak was mapped between GABARAPL2 and MAF on SSC6. In the upper 
population in the figure, the redness of meat color was higher in Wild boar than in Large White, and in the 
lower population, the redness was higher in Duroc than in Chinese Jinhua. 

analysis did not present any amino acid 
substitutions associated with the QTL in 
NUDT7. Then we analyzed the expression level 
of each allele of NUDT7 in several tissues from 
pigs which were heterozygous for the Wild 
boar and Large White QTL types using RT-
PCR and TA-cloning followed by scoring allele-
specific SNPs of clones. The result showed that 
the expression level of Wild boar allele was 
significantly lower than Large White allele in 
longissimus muscle (Table 3). This differential 
expression level suggested that NUDT7 was a 
strong candidate for the QTL.
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Table 2 Genes in the human and mouse genetic regions between GABARAPL2 and MAF corresponding to a 
meat color QTL in pigs
NUDT7 was mapped in the region.

Table 3 Relative expression level of NUDT7 Wild boar and Large White alleles
RT-PCR analysis of NUDT7 was performed with tissue samples from pigs with heterozygous QTL. 
The PCR products were cloned and subjected to sequence-based typing of allele-specific SNPs. 
The expression level of Wild boar allele was significantly lower than that of Large White allele in 
longissimus muscle.

114  Annual Report 2008



　Reproductive Biology Research Unit is 
seeking to clarify the molecular mechanisms 
regulating development/differentiation of 
germ cells and placental cells, and also stem 
cells such as ES cells in mammals. The major 
research topics of this year are as follows:   

Association of FKBP6 with ribosomes in 
pachytene spermatocytes
　The process of spermatogenesis could 
be divided into three phases; mitosis and 
meiosis of the germ cells and spermiogenesis, 
i .e .  metamorphosis of haploid cells into 
spermatozoa. These processes proceed under 
the precise regulation of gene expression, 
which includes both transcriptional and 
translational regulation. Storage of the mRNAs 
in transcriptionally silent forms, such as 
polyadenilated RNA or ribonucleoprotein, until 
proper timing for protein synthesis is a well 
known strategy for translational regulation 
during meiosis and spermiogenesis. On the other 
hand, biogenesis of ribosomes, a machinery of 
protein synthesis, in spermatogenesis is poorly 
understood. Expression of Fkbp6 is observed 
in the male germ cells during meiosis and 
early stage of spermiogenesis in mice and rats. 
Deficiency of the gene causes male infertility 
due to meiotic arrest. Intriguingly the disorder 
accompanies formation of ribosome aggregates 
in the cytoplasm of pachytene spermatocytes, 
which suggests the role of Fkbp6 on ribosomal 
function. Cellular contents of ribosomal proteins 
did not show significant a difference between 
the wild and mutant type of spermatocytes, 
which indicates that FKBP6 deficiency could 
not induce excessive production of ribosomes. 
When FKBP6 association with ribosomes 
was analyzed using wild type pachytene 
spermatocytes, the protein was present in the 
fractions corresponding to 60S subunits and 
80S monosomes (Fig. 3). Since joining of 60S 
subunit to 48S initiation complex containing 
mRNA is required for translation initiation, 

FKBP6 could have a role in 80S ribosome 
assembly. Further analysis of the Fkbp6 
function will increase understanding of the role 
of translational regulation of gene expression in 
spermatogenesis.

Placental  prolact in-re lated proteins in 
ruminants
　The ruminant placenta produces an array 
of proteins structurally similar to pituitary 
prolactin (PRL). The placental lactogen is a 
classical (lactogenic) member of PRL family, 
while PRL-related proteins are non-classical 
(non-lactogenic) members. Among ruminants, 
placental PRL family proteins have been 
thought to be produced by trophoblasts in 
cotyledonary villi of the placenta. In bovine, 
at least ten genes of the bovine placental PRL 
family including bovine placental lactogen and 
nine bovine PRL-related proteins (pPRP1 to 
PRP9), encode hormones/cytokines predicted 
to be involved in the establishment and 
maintenance of pregnancy. 
　We have reported three bovine PRPs (PRP7 
to PRP9) to date. However, there is little 
detailed information about placental PRL 
family genes in other species of ruminants. 
Therefore we investigated placental PRL family 
members in sheep and goats to obtain a more 
comprehensive understanding of the function 
and evolution of these genes. We identified two 
ovine PRPs, named oPRP1 and oPRP2, and two 
caprine PRPs, named cPRP1 and cPRP6. All four 
novel PRPs in sheep and goats are expressed in 
the trophoblast. Temporal expression patterns 
of these PRPs were comparable with those of 
bovine PRPs. Recombinant caprine, ovine and 
bovine PRPs were successfully expressed in 
mammalian cell lines. Expressed proteins were 
structurally similar to bovine PRL in terms 
of 3-D structures.  None of these molecules 
in ruminant PRPs were lactogenic since they 
were incapable of stimulating the proliferation 
of rat lymphoma cell line Nb2 (Fig. 4). These 

R eproductive Biology Research Unit
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data suggests that PRP genes in sheep and 
goat placentas have coordination functions for 
gestation, as they do in bovine pregnancy.
　Targets and biological roles of non-classical 
members of ruminant PRL family proteins have 
yet to be specified. We studied three members 
of bovine PRL family, bPL, bPRP1 and bPRP6. 
An alkaline phosphatase (AP) tagging strategy 
was used to monitor interactions of the ligands 
with their targets. Recombinant AP-fusion 
proteins were generated and incubated with 
extracellular matrices or tissue sections. Among 
these ligands bPRP1 specifically bound to type 
IV collagen, but not to type I collagen, laminin, 
fibronectin and heparin. Other ligands, bPL and 
bPRP6, did not interact with any extracellular 
matrices tested. Binding of bPRP1 on placental 
tissue sections was localized around the 
basement membrane. Binding of bPRP1 to 
type IV collagen was concentration-dependent, 
influenced by salt concentrations, and specific 
to the N-terminal 7S domain. The interaction 
of bPRP1 with the 7S domain was suggested 
to be mediated by the effects of hydrophobic 
interactions. The interaction of bPRP1 with type 
IV collagen suggests that bPRP1 accumulates 
in the extracellular matrix where it likely acts 
on cells traversing the bovine placentome.

Exploitation of stem cell technology in animal 
science
　Embryonic stem (ES) cells are derived from 
an early stage embryo, and can be maintained 
as pluripotent cells for long periods. However, 
these cultures contain both the undifferentiated 
cells and the differentiated derivatives, because 
they differentiate spontaneously even under 

adequate conditions. Flow cytometry analysis 
revealed that several antibodies against cell 
surface markers could divide mouse ES cells 
into subpopulations at different status of 
differentiation. The gene expression profiles of 
the cells in each subpopulation were compared 
using oligo microarray analysis, and we 
identified 23 genes with previously unknown 
functions in stem cells and early development. 
RNA interference (RNAi)-mediated knockdown 
was performed,  and marked ef fects on 
the phenotypes of ES cells and embryo 
development were observed in six genes. These 
genes may be involved in the maintenance of 
ES cell pluripotency. 
　We have also focused on the germline stem 
cells of domestic animals. Male germline stem 
cell lines have already been established in mice, 
and it has been demonstrated that they could 
be a useful tool for production of genetically-
modified animals. Calf testicular cells were 
stained with antibodies against CD44 and c-Kit, 
and analyzed by flow cytometry. Cells were 
sorted into 10 fractions depending on the 
fluorescence intensity, and RT-PCR analysis 
revealed that the cells expressed germ cell 
marker genes, VASA and GFRA1, which were 
enriched in CD44+c-Kit + populations (Fig. 5). 
Studies are underway to establish the germline 
stem cells from this fraction.
　The knowledge gained from our studies 
will be useful for establishing protocols 
for multipotent stem cell lines of domestic 
animals, elucidation of the mechanisms of early 
development, and regenerative medicine using 
stem cell technology.

Fig. 3 Analysis of FKBP6 association with 
ribosomes
Lysate from the wild type of pachytene 
spermatocyte was layered on 15-40 % 
sucrose liner gradient. After centrifugation, 
the gradient was fractionated with a 
gradient collector equipped with a 254 nm 
detector. Each fraction was assayed by 
western blot. RPL26: ribosomal protein L26 
(a component of 60S), RPS16: ribosomal 
protein S16 (a component of 40S). FKBP6 
detected in the top fraction (left side) and 
gradually decreased ones were due to 
diffusion of the protein. Note the presence 
of FKBP6 corresponding to 60S and 80S. 
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Fig. 4 Lactogenic activities of bovine PRL family members

Fig. 5 Enrichment of VASA and GFRA1 genes-expressing cells from calf testicular cells
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Light exposure suppresses nocturnal increase 
in growth hormone secretion in cattle 
　Growth hormone (GH) is considered to be 
one of the most important endocrine factors 
in animal industry, since GH has a stimulatory 
effect on somatic growth and milk production. 
GH secretion from the anterior pituitary is 
mainly controlled by two hypothalamic factors, 
GH-releasing hormone and GH-inhibiting 
hormone (somatostatin). This hypothalamo-
pituitary and the target organs make up "the 
somatotropic axis”, which is affected by 
various endogenous (e.g., nutritional status, 
developmental stage) and exogenous factors 
(e.g., physical or social environment). However, 
the involvement of environmental factors in the 
regulatory mechanism of GH secretion in cattle 
has not been well studied. 
　The photic condit ion is  one of  those 
environmental factors involved in GH secretion. 
It has been known that GH secretion shows a 
distinct increase during the night. On the other 
hand, such nocturnal GH increase has not been 
reported in cattle. Furthermore, the effect of 
light on GH secretion has not been clarified. 
In the present study, we elucidated whether 

nocturnal increase in GH exists and whether 
light exposure during the night can affect GH 
secretion in cattle.
　Nine Holstein steers were kept under a 
constant lighting condition of 12 h of light (L: 
06:00-18:00 h): 12 h of dark (D: 18:00-06:00 h). 
Blood samples were taken from the intravenous 
catheter for 4 h at 15-min interval in the 
middle of L (11:00-15:00 h) and D (23:00-03:00 
h) periods and in D period (23:00-03:00 h) 
with 1-h (00:00-01:00 h) light exposure. Plasma 
GH concentrations were determined double-
ant ibody rad io immunoassay .  Mean GH 
concentrations in L were maintained at low 
levels compared to those in D. A large peak 
of GH was observed in D period. The area 
under the GH response curve (AUC) was 
significantly larger in D than that in L (Fig. 6). 
Interestingly, increased GH secretion during 
D was suppressed by the 1 h of light exposure 
(Fig. 7). The present results suggest that the 
photic condition plays an important role in the 
regulatory mechanism of GH secretion in cattle, 
as well as in humans. 
(Adapted from Kasuya et al. (2008) Journal of 
Animal Science, in press)

N eurobiology Research Unit

118  Annual Report 2008



Fig. 6 Area under the GH response curve (AUC) for 4 h during the day (LIGHT, 11:00-15:00 h) and 
night (DARK, 23:00-03:00 h) in Holstein steers 
Each value is expressed as the mean ± SE. The asterisk shows the statistical significance between 
the AUC during LIGHT and DARK (P<0.05). AUC during DARK was significantly larger than that 
during LIGHT.

Fig.7 The 4-h secretory profile of GH during the night (23:00-03:00 h) with continuous darkness 
(DARK) and with 1-h light exposure (light on 00:00-01:00 h) in steers
Each value is expressed as the mean ± SE. The asterisks show the statistical significance between 
the corresponding values of DARK and 1-h light exposure. The increased GH secretion during the 
night was suppressed by 1-h light exposure.
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and their accumulation pattern during ripening stage in seed-protein mutants of rice Jpn J Crop Sci 
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Noguchi T, Hosobuchi S, Takamiya T, Iizuka H, Yamashita H, Murakami Y, Okuizumi H (2007) Development 
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Amorphophallus konjac DNA Polymorphism 15:154-158
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Okada E, Nakajima K, Misawa T, Miyazaki E, Mase K, Takabayashi C (2007) Evaluation for the luster and 
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(2007) "Nikomaru'', a new rice variety with excellent palatability and grain appearance developed for warm 
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Shirai J, Miyashita M, Sakagami M, Nakajima K, Takabayashi C, Machii H (2008) Ati-viral effect evidenced 
from carbon silk made from natural silk J Jpn Vet Med Assoc 61(1):48-54
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Konchu Biotec    76(1):55-61

Watanabe K, Niino T, Murayama T, Nanzyo M (2007) Promotive effect of pre-transplanting phosphorus 
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Handa H (2008) Linear plasmids in plant mitochondria: Peaceful coexistences or malicious invasions?
Mitochondrion 8(1):15-25 

Hirochika H, Miyao A, Yamazaki M, Takahashi A, Agrawal G.K, Cheng C, Yamashita Y, Harada M, Nakamura 
H, Hakata M, Ichikawa H (2007) Tissue culture–induced mutations and overexpression of full-length cDNAs 
as a tool for functional analysis of rice genes Rice Genetics V Proceedings of the Fifth International 
Rice Genetics Symposium :77-83 

Kaneko H, Kikuchi K, Nakai M, Maedomari N, Kashiwazaki N (2007) Xenografting of porcine immature germ 
cells and their development competence Journal of Reproduction Engineering 10(Supplement):436-448

Kato Y (2007) Nematode antimicrobial peptides Current Topics in Peptide & Protein Research 8:1-10 

Nagai T, Kikuchi K, Imai K, Fahrudin M (2007) Handmade somatic cell cloning and related studies in farm 
animals Journal of Mammalian Ova Research 24(3):99-106 

Nagata T, Iizumi S, Satoh K, Kikuchi S (2008) Comparative molecular biological analysis of membrane 
transport genes in organisms Plant Molecular Biology 66(6):565-585 

Pourkheirandish M, Komatsuda T (2007) The importance of barley genetics and domestication in a global 
perspective Annals of Botany 100(5):999-1008 

Rasmusson A.G, Handa H, Møller I.M (2008) Plant mitochondria, more unique than ever Mitochondrion 8(1
):1-4 

Sasaki T, Matsumoto T, Wu J, Namiki N (2007) The complete rice genome sequence: a gold mine for future 
rice research Rice Genetics V Proceedings of the Fifth International Rice Genetics Symposium 
:17-27 

Takaiwa F (2007) Transgenic rice seed as a nutriceutical delivery system CAB Reviews: Perspectives in 
Agriculture, Veterinary Science, Nutrition and Natural Resources 2(No. 041):9 pp. 

Yano M, Izawa T (2007) Genetic and molecular dissection of flowering time in rice Rice Genetics V 
Proceedings of the Fifth International Rice Genetics Symposium :177-190

Antonio B.A, Buell C.R, Yamazaki Y, Yap I, Perin C, Bruskiewich R (2007) Informatics resources for rice 
functional genomics Rice Functional Genomics: Challenges, Progress and Prospects :355-394 

Ashikari M, Matsuoka M, Yano M (2007) Application of functional genomics tools for crop improvement Rice 
Functional Genomics: Challenges, Progress and Prospects :411-428 

Itoh T (2007) Rice genome annotation: Beginnings of functional genomics Rice Functional Genomics: 
Challenges, Progress and Prospects :21-30 

Izawa T (2008) Photoperiodic flowering in rice Rice Biology in the Genomics Era (II):163-176 

Kikuchi S, Wang G-L, Li L (2007) Genome-wide RNA expression profiling in rice Rice Functional 
Genomics: Challenges, Progress and Prospects :31-60 

Kikuchi S (2008) High-throughput transcriptome analysis in rice from a genomic perspective Rice Biology 
in the Genomics Era (I):53-67
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Komatsu S (2007) Rice proteomics: A step toward functional analysis of the rice genome Rice Functional 
Genomics: Challenges, Progress and Prospects :61-89 

Kuwano M, Suzuki M, Takaiwa F, Yoshida K.T (2008) Molecular breeding of low-phytic-acid grains in rice 
by using the promoter of 18 kDa Oleosin Biotechnology and Sustainable Agriculture 2006 and 
Beyond (19):419-421 

Matsumoto T, Wing R.A, Han B, Sasaki T (2007) Rice genome sequence: The foundation for 
understanding Rice Functional Genomics: Challenges, Progress and Prospects :5-20 

Niino T (2008) 12.8.10 Vitrification of innala (Solenostemon rotundifolius) Plant Cryopreservation: A 
Practical Guide (Section II Chapter 1):323-324 

Niino T (2008) 13.5.2 Vitrfication strawberry (Fragaria) shoot tips Plant Cryopreservation: A Practical 
Guide (Section II Chapter 1):349-350 

Niino T (2008) 16.4.2 Cryopreservation of pear and mulbery dormant buds Plant Cryopreservation: A 
Practical Guide (Section II Chapter 1):430-431 

Numa H, Tanaka T, Itoh T (2008) Bioinformatics and database of the rice genome Rice Biology in the 
Genomics Era (I):13-21 

Roux N, Baurens F-C, Doležel J, Hřibová E, Heslop-Harrison P, Town C, Sasaki T, Matsumoto T, Aert R, 
Remy S, Souza M, Lagoda P (2008) Genomics of banana and plantain (Musa spp.), major staple crops in the 
tropics Genomics of Tropical Crop Plants :83-111 

Sakai A, Hirai D, Niino T (2008) Development of PVS-based vitrification and encapsulation–vitrification 
protocols Plant Cryopreservation: A Practical Guide (Section I Chapter 3):33-57 

Sasaki T, Wu J, Matsumoto T (2008) Rice genetics and genomics information as the ultimate tool for rice 
improvement Biotechnology and Sustainable Agriculture 2006 and Beyond (22):475-485 

Sasaki T, Wu J, Mizuno H, Antonio B.A, Matsumoto T (2008) The rice genome sequence as an indispensable 
tool for crop improvement Rice Biology in the Genomics Era (I):3-12 

Takafuji A, Santoso S, Hinomoto N, T.Shih C, Ho C, Gotoh T (2007) Comparison between Taiwanese and 
Japanese populations of Tetranychus Kanzawai Kishida (Acari: Tetranychidae) in diapause characteristics 
and DNA sequence Acarology XI: Proceedings of the International Congress :705-714 

Takaiwa F, Yang L, Yasuda H (2008) Health-promoting transgenic rice: Application of rice seeds as a direct 
delivery system for bioactive peptides in human health Rice Biology in the Genomics Era (IV):357-373 

Tomooka N (2007) Chapter Ⅱ Pulse crops of West Africa Production, Processing and Marketing of 
Pulses in West Africa - Considering Inter-Regioal Markets and Improving the Livig Standards 
of Local Residents through a Case Study of the Republic of Benin - :49-124 

Tomooka N (2007) Chapter Ⅲ Possibility (future) of introducing new pulse crops in West Africa Production, 
Processing and Marketing of Pulses in West Africa -Considering Inter-Regioal Markets and 
Improving the Livig Standards of Local Residents through a Case Study of the Republic of 
Benin- :125-137 

Vaughan D.A, Ge S, Kaga A, Tomooka N (2008) Phylogeny and biogeography of the genus Oryza Rice 
Biology in the Genomics Era (III):219-234 

Yamamoto T, Yano M (2008) Detection and molecular cloning of genes underlying quantitative phenotypic 
variations in rice Rice Biology in the Genomics Era (IV):295-308 

Yasukochi Y, Fujii H, Goldsmith M.R (2008) Silkworm Genome Mapping and Genomics in 
Arthropods :43-57
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1 Doi K, Hosaka A, Nagata T, Satoh K, Suzuki K, Mauleon R, Mendoza M.J, Bruskiewich R, Kikuchi 
S (2008) Development of a novel data mining tool to find cis-elements in rice gene promoter regions BMC 
Plant Biology 8:20 

Morishita T, Miyazawa Y, Saito H, Hayashi Y, Ryuto H, Fukunishi N, Abe T (2007) Mutation induction by 
heavy-ion beam irradiation in tartary buckwheat Riken Accelerator Progress Report 40:255 

Tomooka N, Thadavong S, Kanyavong K, Inthapanya P, Vaughan D. A, Kaga A, Isemura T, Kuroda 
Y (2007) Conservation of legume - symbiotic Rhizobia genetic diversity in Laos, 2006 Ann Rep Explor & 
Intro PGR 23:177-183 

Vaughan D, Yamanaka S, Paofa J, Urua A, Kambuou R, Kaga A, Kawase M, Tomooka N (2007) Collaborative 
collecting mission between NARI(National Agricultural Research Institute,Papua New Guinea) and NIAS 
in Western and Gulf Provinces,Papua New Guinea 3rd-21st July 2006 Ann Rep Explor & Intro 
PGR 23:93-107 

Futahashi R, Fujiwara H (2008) Juvenile hormone regulates butterfly larval pattern switches Science 319(58
66):1061 

Nishikawa T, Okazaki K (2007) New lily evolution insights from a DNA sequence approach Lily Yearbook 
of the North American Lily Society, Inc 59:27-32 

Vaughan D (2007) [Book Review] Naryanan M. Upadhyaya (ed.), Rice functional genomics: Challenges, 
progress and prospects Genetic Resources and Crop Evolution 54(7):1631-1632 

Kinoshita H, Watase H, Iizuka M, Kosegawa E, Nagayasu K (2007) The database on the origin of 
silkworm genetic resources in Japan The 6th China International Silk Conference and The 2nd 
International Textile Forum Invitation :42-49 

Nishimura M (2008) Utilization of seed protein composition mutants in rice breeding Gamma Field 
Symposia 45:61-66 

Okuda T (2008) Life without water: Molecular mechanism of anhydrobiosis in the African chironomid 
Polypedilum vanderplanki Biologisches Kolloquium Wintersemester 2007/2008  

Okuda T (2007) Anhydrobiosis in the Sleeping Chironomid, Polypedilum vanderplanki - the story since 
Hinton 2nd International Symposium on the Environmental Physiology of Ectotherms and 
Plants  

Pourkheirandish M, Wicker T, Stein N, Fujimura T, Komatsuda T (2007) The barley Vrs1 gene gained a 
distinct evolutionary function during its divergence from rice and other cereals The 5th International 
Symposium of Rice Functional Genomics :PO-012
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List of Organizations exchanged 
MOU

National Institute of Agrobiological Sciences (NIAS) is enhancing research collaboration with 
foreign Institutes and Universities. The Institute collaborative research would bring together 
the comparative advantages of both. For proceeding this, Memorandum of Understanding (MOU) 
between both was signed in each case. Table is shown the organization, term, and research theme, 
objectives and/or activities exchanged MOU.
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Executive Members and 
Research Staff Members

Executive Members
President Ishige Teruo
Vice-President Sasaki Takuji
Vice-President Shinbo Hiroshi
Auditor Ichikawa Kunihiko
Auditor Horio Yoshinori

Research Staff 
Research Planning and Coordination

Research Director-General Ohkawa Yasunobu
Research Director Kawasaki Kenjiro
Research Director Machii Hiroaki
Research Director Kawase Makoto
Research Director Nakagawa Hitoshi
Deputy Research Directors (Asaoka Kiyoshi)
Deputy Research Directors (Onishi Akira)
Deputy Research Directors (Handa Hirokazu)
Deputy Research Directors (Nishizawa Yoko)
Deputy Research Directors (Kameda Tsunenori)
Deputy Research Directors (Yamazaki Muneo)

Research Planning Section Head Noda Takashi
Obo Masahiro
(Wako Toshiyuki)

Evaluation Section Head Haga Atsunobu

Information Management Section Head Mitsuhashi Hatsuhito
Chief Researcher Kawada Masae

Library Head Yoshida Fumio

Public Relations Section Head Niino Takao
Chief Researcher Inoue Takashi

GMO Research Promotion Section Head Tabei Yutaka
(Domon Eiji)

Safety Management Section Head Watanabe Shinichiro

Technology Transfer and Research Cooperation Section Head Ohura Masanobu
Chief Researcher Kayano Toshiaki
Chief Researcher Hirogari Yasuhiro

(as of March 31, 2008)
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(Tukada Masuhiro)
(Sakurai Michiharu)
(Hagio Takashi)

Genetic Resources Management Section Head Kenmochi Fumikazu

Technical Support Section Head Koyama Akio
Head Kobayashi Toru

Research Center
QTL Genomic Research Center Director Yano Masahiro

Chief Researcher Sugimoto Kazuhiko
Chief Researcher Taguchi Fumio
Chief Researcher Yamamoto Toshio
Chief Researcher Ebana Kaworu
Chief Researcher Fukuoka Shuichi
Chief Researcher Mizobuchi Ritsuko
Chief Researcher Yamanouchi Utako
Chief Researcher Ueda Tadamasa
Researcher Yamamoto Shinichi
Researcher Uga Yusaku
Researcher Hori Kiyosumi

Transgenic Crop Research and Development Center Director Takaiwa Fumio
Chief Researcher Domon Eiji
Chief Researcher Takahashi Sakiko
Researcher Takagi Hidenori
Researcher Kawakatsu Taiji

Transgenic Silkworm Research Center Director Tamura Toshiki
Chief Researcher Yonemura Naoyuki
Chief Researcher Iizuka Tetsuya
Chief Researcher Tatematsu Kenichiro
Researcher Sezutsu Hideki
Researcher Kobayashi Isao

Transgenic Animal Research Center Director Kitani Hiroshi
Senior Researcher Naito Mitsuru
Senior Researcher Sakurai Michiharu
Senior Researcher Onishi Akira
Chief Researcher Matsubara Yuko
Chief Researcher Takezawa Toshiaki
Chief Researcher Takenouchi Takato
Chief Researcher Sato Mitsuru
Researcher Fuchimoto Daiichiro
Researcher Akizuki Gaku
Researcher Suzuki Syunichi
Researcher Senbon Shoichiro

(Tokunaga Tomoyuki)
(Ohkoshi Katsuhiro)
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Division of Genome and Biodiversity Research
Director Hirochika Hirohiko

Plant Genome Research Unit Head Matsumoto Takashi
Senior Researcher Kikuchi Shoshi
Senior Researcher Komatsuda Takao
Senior Researcher Handa Hirokazu
Chief Researcher Ogawa Taiichi
Chief Researcher Wu Jianzhong
Chief Researcher Kawahigashi Hiroyuki
Chief Researcher Mizuno Hiroshi

(Izawa Takeshi)

Bioinformatics Research Unit Head Ito Takeshi
Chief Researcher Maeda Miki
Researcher Numa Hisataka
Researcher Tanaka Tsuyoshi
Researcher Sakai　Hiroaki

Genome Resource Center Head Nagamura Yoshiaki
Chief Researcher Baltazar Antonio
Chief Researcher Miyao Akio
Chief Researcher Koga Yasunori

(Ichikawa Hiroaki)

Genebank Director (Kawase Makoto)
Senior Researcher Nagayasu Kenichi
Senior Researcher Umehara Masamichi
Senior Researcher Minezawa Mitsuru
Senior Researcher Shirata Kazuto
Senior Researcher Kinoshita Haruo
Senior Researcher Imanishi Shigeo
Senior Researcher Sato Toyozo
Senior Researcher Duncan Alexander Vaughan
Senior Researcher Tomooka Norihiko
Senior Researcher Aoki Takayuki
Senior Researcher Sawada Hiroyuki
Chief Researcher Takeya Masaru
Chief Researcher Nagai Toshiro
Chief Researcher Kosegawa Eiichi
Chief Researcher Okuizumi Hisato
Chief Researcher Tomioka Keisuke
Chief Researcher Kaga Akito
Chief Researcher Nishikawa Tomotaro
Chief Researcher Fukui Kuniaki

Hayasaka Shoji
(Kaga Akito)
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Institute of Radiation Breeding Director (Nakagawa Hitoshi)
Senior Researcher Nishimura Minoru
Chief Researcher Takyu Toshio
Chief Researcher Morishita Toshikazu
Chief Researcher Muramatsu Noboru
Chief Researcher Shimizu Akemi
Chief Researcher Yamanouchi Hiroaki
Researcher Morita Ryohei

Soybean Genome Research Team Head Harada Kyuya
Chief Researcher Katayose Yuichi
Chief Researcher Kaga Akito

Division of Plant Sciences
Director Meshi Tetsuo

Hagihara Kiyoshi
Mochizuki Atsuko

Environmental Stress Research Unit Head Hayashi Makoto
Senior Researcher Tanaka Yoshiyuki
Senior Researcher Ogawa Masafumi
Senior Researcher Ishikawa Masaya

(Sugimoto Kazuhiko)
(Ueda Tadamasa)

Photobiology and Photosynthesis Research Unit Head Takano Makoto
Senior Researcher Miyao Mitsue
Senior Researcher Ichikawa Hiroaki
Chief Researcher Takeichi Tetsuo
Chief Researcher Yazaki Yoshiaki
Chief Researcher Izawa Takeshi
Chief Researcher Kiyota Seiichiro
Chief Researcher Inagaki Noritoshi
Chief Researcher Ishimaru Ken
Chief Researcher Baba Akiko
Chief Researcher Iwamoto Masao
Chief Researcher Sentoku Naoki
Researcher Ito Hironori

Plant Disease Resistance Research Unit Head Takatsuji Hiroshi
Senior Researcher Kawasaki Shinji
Senior Researcher Hayashi Nagao
Chief Researcher Mori Masaki
Chief Researcher Jiang Cian Je
Chief Researcher Sugano Shoji
Chief Researcher Yamazaki Muneo
Researcher Takahashi Akira
Researcher Inoue Haruhiko
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Protein Research Unit Head Yamazaki Toshimasa
Senior Researcher Shimomura Shoji
Senior Researcher Takase Kenji
Senior Researcher Momma Mitsuru
Chief Researcher Kajiwara Hideyuki
Chief Researcher Fujimoto Zui
Chief Researcher Suzuki Rintaro
Chief Researcher Wako Toshiyuki

Plant-Microbe Interactions Research Unit Head Minami Eiichi
Senior Researcher Kochi Hiroshi
Senior Researcher Ishikawa Masayuki
Chief Researcher Nakayama Yasuji
Chief Researcher Nishizawa Yoko
Chief Researcher Kato Etsuko
Chief Researcher Ochiai Hirokazu
Chief Researcher Umehara Yosuke
Chief Researcher Mitsuhara Ichiro
Chief Researcher Nishimura Marie
Chief Researcher Seo Shigemi
Chief Researcher Yoshikawa Manabu
Chief Researcher Akimoto Chiharu
Researcher Takeuchi Kasumi
Researcher Otake Yuko
Researcher Imaizumi Haruko
Researcher Nakagawa Tomomi

Plant Genetic Engineering Research Unit Head Toki Seiichi
Chief Researcher Hagio Takashi
Chief Researcher Kishimoto Naoki
Chief Researcher Miyahara Kenzo
Chief Researcher Habu Yoshiki
Chief Researcher Nakayama Shigeki
Chief Researcher Kawagoe Yasushi
Researcher Saika Hiroaki

(Tabei Yutaka)

Division of Insect Science Director
Director Takeda Satoshi

Insect Genome Research Unit Head Mita Kazuei
Senior Researcher Kawauchi Ikuo
Chief Researcher Kadono Keiko
Chief Researcher Yukuhiro Kenji
Chief Researcher Yamamoto Kimiko
Chief Researcher Hirokawa Masahiko
Chief Researcher Tomita Shuichiro
Chief Researcher Yasukochi Yuji
Chief Researcher Komoto Natsuo
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(Tamura Toshiki)
(Tatematsu Kenichiro)

Invertebrate Gene Function Research Unit Head Kiuchi Makoto
Senior Researcher Myohara Maroko
Senior Researcher Shinoda Tetsuro
Senior Researcher Taniai Kiyoko
Chief Researcher Kotaki Toyomi
Chief Researcher Shiotsuki Takahiro
Chief Researcher Asaoka Kiyoshi
Chief Researcher Tanaka Yoshiaki
Chief Researcher Nakao Hajime
Chief Researcher Ichikawa Akio
Chief Researcher Shimoda Masami
Chief Researcher Hatakeyama Masatsugu
Chief Researcher Kamimura Manabu
Researcher Shimura Sachiko
Researcher Kihara Mami
Researcher Kozaki Toshinori

Anhydrobiosis Research Unit Head Okuda Takashi
Chief Researcher Kikawada Takahiro
Researcher Cornette Richard Marcel Jacques

Innate Immunity Research Unit Head Yamakawa Minoru
Chief Researcher Kato Yusuke
Chief Researcher Ishibashi Jun
Chief Researcher Tanaka Hiromitsu

Insect Interaction Research Unit Head (Kawasaki Kenjiro)
Senior Researcher Wakamura Sadao
Senior Researcher Hattori Makoto
Senior Researcher Tanaka Seiji
Senior Researcher Inouchi Jun
Chief Researcher Nakamura Masatoshi
Chief Researcher Muraji Masahiko
Chief Researcher Hirayama Chikara
Chief Researcher Konno Kotaro
Chief Researcher Tateishi Ken
Chief Researcher Hasegawa Tsuyoshi
Chief Researcher Hinomoto Norihide
Chief Researcher Yasui Hiroe
Chief Researcher Tamura Yasumori
Chief Researcher Maeda Taro

Insect-Microbe Research Unit Head Noda Hiroaki
Senior Researcher Hara Wajiro
Senior Researcher Miyamoto Kazuhisa
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Senior Researcher Mitsuhashi Wataru
Chief Researcher Watanabe Hirofumi
Chief Researcher Nakashima Nobuhiko
Chief Researcher Arakawa Toru
Chief Researcher Watanabe Kenji
Chief Researcher Wada Sanae
Chief Researcher Murakami Ritsuko
Researcher Matsumoto Yukiko
Researcher Kageyama Daisuke

Silk-Materials Research Unit Head Tamada Yasushi
Senior Researcher Tukada Masuhiro
Chief Researcher Tomiyama Masamitsu
Chief Researcher Goto Yoko
Chief Researcher Toshima Yoshiyuki
Chief Researcher Miyazawa Mitsuhiro
Chief Researcher Hata Tamako
Chief Researcher Takasu Yoko
Chief Researcher Kameda Tsunenori
Chief Researcher Kuwana Yoshihiko
Researcher Teramoto Hidetoshi
Researcher Kojima Katsura

Silk Technology Unit Head Takabayashi Chiyuki
Chief Researcher Nakajima Kenichi
Chief Researcher Mase Keisuke
Chief Researcher Okada Eiji

Division of Animal Sciences 
Director Dohi Hiroshi

Animal Genome Research Unit Head Awata Takashi
Senior Researcher Yasue Hiroshi
Senior Researcher Kojima Misaki
Chief Researcher Hamajima Noriyuki
Chief Researcher Hayashi Takeshi
Chief Researcher Harumi Takashi
Chief Researcher Mikawa Satoshi
Chief Researcher Watanabe Satoshi
Chief Researcher Uenishi Hirohide
Researcher Ogawa Tomoko

Reproductive Biology Research Unit Head Tokunaga Tomoyuki
Senior Researcher Kaneko Hiroyuki
Chief Researcher Ito Yoshiyasu
Chief Researcher Goto Hideo
Chief Researcher Kikuchi Kazuhiro
Chief Researcher Noguchi Junko
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Chief Researcher Takahashi Toru
Chief Researcher Suto Junichi
Chief Researcher Hurusawa Tadashi
Chief Researcher Hosoe Misa
Chief Researcher Ohkoshi Katsuhiro
Chief Researcher Miyashita Norikazu
Chief Researcher Sakumoto Ryosuke

Neurobiology Research Unit Head Okamura Hiroaki
Chief Researcher Saito Toshiyuki
Chief Researcher Yayo Kenichi
Chief Researcher Kasuya Etsuko

General Aff airs
Management Director-General Shimada Hiroaki
Management Director Sato Shinetsu

General Aff airs Section Head Nogami Hiroshi

Accounting Section Head Ota Hideo

Management and Supply Section Head Tateno Toshitake

Audit Section Head Kurihara Teruki
(     ) additional position
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Members of NIAS Evaluation
Committee

Kono Tomohiro Tokyo University of Agriculture

Kubo Takeo School of Science, The University of Tokyo

Kobayashi Michihiro Nagoya University, Graduate School of  Bioagricultural Sciences

Nishimura Ikuko Graduate School of Science, Kyoto University

Shinozaki Kazuo RIKEN, Plant Science Center

Endo Takashi Graduate School of Agriculture, Kyoto University

Gojobori Takashi National Institute of Genetics

Senoo Kenichiro The Industry-Academia Collaboration Initiative  Nonprofi t Organization

(as of March 31, 2008)
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FINANCIAL OVERVIEW
Fiscal Year 2007 (April 2007 - March 2008)

158  Annual Report 2008



Location : How to acess to
　our National Institute of Agrobiological Sciences (NIAS)

Transportation

From Tokyo : Take the JR Joban Line from Ueno Station and get off at Ushiku Station. From the West Exit, take the Kantetsu Bus 
bound for Yatabe-shako, Tsukuba-Daigaku-Chuo, or Seibutsu-Ken-Ohwashi-Campus and get off at Norin-Danchi-Chuo.

: Take the Tsukuba Express Line from Akihabara. Express train to Tsukuba (Station No. 20) Ieaves Akihabara every 
15 minutes. Only taxi is available from Tsukuba Station to NIAS. Limited Express train leaves every 30 min and stops at 
Midorino (Station No.17). Bus and taxi are available from Midorino Station to NIAS.

From Tokyo International Airport (Narita) : Take the Kanto-Tetsudo Bus bound for Tsuchiura via Tsukuba Center, and get off at 
Tsukuba Center and take a taxi.

● Headquarters Area
2-1-2 Kannondai, Tsukuba, Ibaraki, 305-8602, Japan
TEL: +81-29-838-7406  FAX: +81-29-838-7408
http://www.nias.affrc.go.jp/

● Ohwashi Area
1-2 Ohwashi, Tsukuba, Ibaraki, 305-8634, Japan
TEL: +81-29-838-6026

NIAS Institutions outsido Tsukuba
Hitachiohmiya (Inst. Radiation Breeding)
2425 Kamimurata, Hitachiohmiya, Ibaraki, 319-2293, Japan
TEL : +81-295-52-1138
Matsumoto (Sericultural Science Lab.)
1-10-1 Agata, Matsumoto, Nagano, 390-0812, Japan
TEL : +81-263-32-0549

Okaya (New Silk Materials Lab.)
1-4-8 Gouda, Okaya, Nagano, 394-0021, Japan
TEL : +81-266-22-3664
Hokuto (Insect Genetics Lab.)
6585 Kobuchizawa, Hokuto, Yamanashi, 408-0044, Japan
TEL : +81-551-36-2046
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