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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.

Teruo Ishige, President

Message from our president



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. 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 last year of the Second Five-year Plan, all the staff at NIAS are determined to make a 
concerted effort to compile achievements and to draw up the Third Five-year Plan. We thank all of 
those involved for their cooperation, and we look forward to your continued support, understanding, 
and collaboration.



Over the past six years, I have had the privilege and pleasure of reading and reviewing a 
number of reports, documents and manuscripts published by researchers and administrators 
of NIAS. I had first become aware of the Institute in 1983 when Dr. Teruo Ishige made 
arrangements to spend a year conducting research as a visiting scientist in my laboratory at 
the University of Minnesota. Since then, I have been able to visit the Institute in 1984, 2006 
and 2011 and to learn more about the current research programs. In 1984, it was clear that 
Institute researchers were developing the capacity for significant contributions to several 
areas of the agricultural sciences.  These visits and reading and editing of Institute documents 
have reinforced my deep appreciation for the scope and depth of the research mission of 
the Institute. The more recent visits to the Institute also coincided with development of the 
Second (2006) and Third (2011) Five Year Plan for the Institute’s research priorities and the 
organizational structure to best accomplish them.

   The Institute conducts research in a broad spectrum of areas important to Japan and the 
world.  Individual research programs are based on discovery of fundamental information and 
development of a better understanding of the biological processes affecting characteristics 
of interest across the spectrum of organisms from viruses to animals.  More importantly, the 
current Five Year Plan emphasizes the translation of fundamental biological information and 
technologies into improvements in the quality and availability of many products necessary 
or desirable for human life and activity.  Institute researchers are leaders in international 
collaborations ranging from genomics to collection, classification and preservation of biological 
materials.  Many of the resulting informational databases are freely available to researchers 
around the world.

Burle Gengenbach, Emeritus Professor
Department of Agronomy and Plant Genetics
University of Minnesota

Commentary from our English 
proofreader



   This Annual Report highlights many of the most recent research accomplishments 
conducted by Institute scientists and, in many cases, illustrates the international leadership 
the Institute provides to interdisciplinary, multinational research projects. Not only is the 
Institute contributing basic scientific discoveries, these discoveries are also being applied to 
increasing the world’s food supply, to new and more healthful foods and products, and to new 
biotechnological solutions that address ongoing, perplexing problems confronting modern 
agriculture and preservation of the environment. The citizens of Japan and the international 
scientific community should be pleased and proud that the Institute is contributing in such a 
significant way to the wellbeing of humankind.



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 .eld 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) Development and utilization of soybean genome resource
(6) Establishment of a bioinformatics research basis for comparative analysis between species
(7) Collection, evaluation, multiplication, preservation and distribution of genetic resources
(8) 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 

spectrosco

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	 	 	 254	
Administrative	staff	 	 121
Total	number	of	employees	 375

Reemployment	staff　　　　　　	　　13

Contract	workers	(Part	time)
　　　　　531
　including	68	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 April 2011)
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Research Highlights for 2010

The process of crossing and selection during 
plant breeding has resulted in the recombina-
tion and shuffling of ancestral chromosome 
blocks (haplotypes) to create new variation. The 
identification of such haplotypes in developed 
cultivars provides valuable information to 
support further improvement of rice and other 
crops. However, owing to technical limitations, 
fine-scale definition of pedigree haplotypes 
based on a large number of DNA markers has 
not yet been performed. In this context, single-
nucleotide polymorphisms (SNPs) identified by 
means of high-throughput genotyping based on 
array technology could be a useful tool. Two 
independent technological innovations, the high-
throughput sequencer and hybridization arrays, 
have provided a new opportunity to determine 
the historical flow of pedigree haplotypes during 
the breeding of rice cultivars.

We used a high-throughput sequencer to 
conduct whole-genome sequencing of an elite 
Japanese rice cultivar, Koshihikari, which is 
closely related to Nipponbare, whose genome 
sequencing has been completed. The total 5.89-
Gb sequence for Koshihikari, equivalent to 15.7
×the entire rice genome, was mapped using the 
Pseudomolecules 4.0 database for Nipponbare. 
The resultant Koshihikari genome sequence cor-
responded to 80.1% of the Nipponbare sequence. 

The Koshihikari consensus genome was com-
posed of 654,543 contigs with an average of 468 
bp. We detected a total of 67,051 SNPs between 
Koshihikari and Nipponbare. The distributions 
of the SNPs were uneven within a chromosome 
(Fig. 1).

A high-throughput typing array consisting 
of 1,917 SNP sites, which are based on the 
information obtained by comparison of the two 
sequences and distributed throughout the ge-
nome, was designed to genotype 151 representa-
tive Japanese cultivars that have been grown 
during the past 150 years. We could identify 
the ancestral origin of the pedigree haplotypes 
in 60.9% of the Koshihikari genome (Fig. 2). The 
proportions of the Koshihikari genome present 
in Hitomebore, Akitakomachi and Hinohikari, 
which are the second, third, and fourth most-
grown cultivars in Japan and were developed 
by crossing with Koshihikari, were estimated to 
be 80.8%, 80.0% and 61.3% respectively. Eighteen 
consensus haplotype blocks longer than 1 Mb 
are inherited from traditional landraces to 
these four modern varieties. Moreover, it was 
predicted that modern breeding practices have 
generally decreased genetic diversity. 

Detection of genome-wide SNPs by both high-
throughput sequencer and typing array made 
it possible to evaluate genomic composition 

Definition of the pedigree haplotypes of modern rice 
cultivars in Japan revealed by genome wide SNPs

Toshio YAMAMOTO1, Hideki NAGASAKI1,2, Jun-ichi YONEMARU1, Kaworu EBANA1, 
Maiko NAKAJIMA1, Taeko SHIBAYA1, Masahiro YANO1

1QTL Genomics Research Center, NIAS, 2Center for Information Biology and DDBJ, 
National Institute of Genetics
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Fig. 1. Distribution of SNPs between Koshihikari and Nipponbare in the 12 rice chromosomes. 

The number of SNPs in each chromosome is shown in brackets. The x-axis represents the physical distance 
along each chromosome, split into 500-kb windows. The orange lines represent regions in which no SNPs 
were detected. The y-axis indicates the common logarithm of the number of SNPs.
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of genetically related rice varieties. With the 
aid of their pedigree information, we clarified 
the dynamics of chromosome recombination 
during the historical rice breeding process. The 
definition of pedigree haplotypes by means of 
genome-wide SNPs analysis will facilitate next-
generation breeding of rice and other crops.

Fig. 2. Patterns of the pedigree haplotype blocks of Koshihikari and its related cultivars.

Only haplotype blocks longer than 500-kb of Koshihikari and consensus haplotype blocks among three 
progeny cultivars, Hitomebore, Akitakomachi , and Hinohikari are shown. The black bars at the top indicate 
the range of the blocks in the 12 rice chromosomes. The numbers at the right indicate the proportion of the 
Koshihikari genome accounted for by the haplotype blocks. (A) Patterns of haplotype blocks in 12 parental 
cultivars in the pedigree chart of Koshihikari. Gray indicates unidentified haplotype blocks that may have 
been derived from either parent. The three yellow arrows indicate pedigree haplotypes that inherited more 
than 2 Mb of their length with a density of more than 1 SNP/100 kb. (B) The haplotype blocks of Koshihikari 
in three progeny cultivars, Hitomebore, Akitakomachi, and Hinohikari. (C) Consensus haplotype blocks 
between Koshihikari and the three progeny cultivars. Only blocks derived from the six ancestral cultivars of 
Koshihikari (purple and red names) are indicated. Red horizontal bars represent consensus haplotype blocks 
longer than 1 Mb and the names of the ancestral landraces.

Reference

Yamamoto T, Nagasaki H, Yonemaru JI, Ebana 
K, Nakajima M, Shibaya T, Yano M (2010) 
Fine definition of the pedigree haplotypes 
of closely related rice cultivars by means of 
genome-wide discovery of single-nucleotide 
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Isolation of Sdr4, a QTL that prevents pre-harvest 
sprouting

Kazuhiko Sugimoto1,2, Yoshinobu Takeuchi3, Kaworu Ebana1, Akio Miyao4, Hirohiko 
Hirochika5, Naho Hara6, Kanako Ishiyama7, Masatomo Kobayashi7, Yoshinori Ban8, 
Tsukaho Hattori8 and Masahiro Yano1

1QTL Genomics Research Center, NIAS, 2Environmental Stress Research Unit, NIAS, 
3National Institute of Crop Science, 4Genome Resource Center, NIAS, 5Division of Genome 
and Biodiversity Research, NIAS, 6Division of Plant Sciences, NIAS, 7BioResources 
Center, RIKEN, 8Bioscience and Biotechnology Center, Nagoya University

Preharvest sprouting (PHS) resistance is one 
of the important agronomic traits for cereal 
crop species, because it prevents reduction of 
grain quality. PHS resistance is determined by a 
series of quantitative trait loci (QTLs). Recently, 
we reported molecular cloning of a major QTL 
designated as Seed Dormancy 4 (Sdr4) from 
indica cultivar, Kasalath. 

Compared  t o  t h e  j apon i c a  cu l t i v a r , 
Nipponbare, the indica cultivar Kasalath is 
tolerant to PHS (Fig. 1). High-resolution mapping 
using more than 2,000 progenies indicated that 
Sdr4 is located within an 8.7-kb region (Fig. 
2). Transformation of Nipponbare using a 3.3-
kb Kasalath genomic fragment resulted in PHS 
resistance as shown in Fig. 2. Nipponbare seeds 
containing only an introduced empty vector 
germinated 7 days after imbibition (right); 
whereas, seeds having the 3.3-kb fragment from 
Kasalath did not germinate (left). The predicted 
protein encoded by Sdr4 has no similarity to 
functionally known factors, thus it is difficult to 
predict its function. To elucidate the upstream 
regulator of Sdr4, we obtained osvp1 mutants 
based on the RY-repeat, which is a binding se-
quence of OsVP1, located in the Sdr4 promoter 
region. In osvp1 mutants, Sdr4 expression 
was largely reduced, suggesting OsVP1 is the 
regulator of Sdr4. Expression analysis was 
performed to examine the downstream target of 
Sdr4. This analysis revealed that expression of 
OsDOG1-L2, a homologue of Arabidopsis Delay 
of germination 1 (DOG1), was diminished in 
the sdr4 mutant; whereas, expression increased 
for aquaporin genes and expansin genes which 

were required for germination. Thus, we 
proposed that Sdr4 may prevent PHS through 
the function of OsDOG1-like genes (Fig. 3). In 
contrast, the abscisic acid (ABA) response of 
LEA protein genes, which were known to be in-
volved in desiccation tolerance of seeds, was not 
affected. Together, these results indicate that 
Sdr4 may be a regulator of a seed dormancy-
specific mechanism located downstream of the 
seed maturation master regulator, OsVP1. 

We also focused on Sdr4 function changes 
that may have occurred during domestication of 
rice, because seed dormancy is one of the traits 
related to domestication. Sequence analysis of 
Sdr4 ORFs derived from wild relatives of rice, 
such as O. rufipogon, indicated that the Kasalath 
type Sdr4 sequence was found in two accessions 

Fig. 1. Variation of PHS resistance in rice.
The panicles were dipped into water and incubated for 
one week. Compared with Nipponbare, Kasalath showed 
PHS resistance.
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due to its higher germinability. This suggests 
that the direction of flow of domestication genes 
may be from japonica to indica. Nipponbare 
type Sdr4 may also have spread into indica 
cultivars with this gene flow. The sequence 
of Sdr4 genes in indica and japonica cultivars 
also supported this speculation, since all of the 
japonica cultivars and half of the indica cultivars 
have Nipponbare type Sdr4. Furthermore, SNP 
analysis of the region surrounding Sdr4 also 
supports introgression of the Sdr4 region into 
indica cultivars.

Consequently, these studies have demon-
strated part of the network responsible for PHS 
resistance and indicate the involvement of Sdr4 
during domestication of rice. Furthermore, we 
can improve PHS resistance of Koshihikari, a 
leading variety in Japan. The nearly isogenic 
line (NIL) of Koshihikari having Sdr4 is tolerant 
to PHS and can endure long-term dipping in 
water (Fig. 4). 

Reference
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involved in seed dormancy and domestication 
of rice Proceedings of the National Academy 
of Sciences of the United States of America 
107(13):5792-5797 

among 29; whereas, the Nipponbare type Sdr4 
sequence was not found. The sequence most 
similar to Nipponbare type Sdr4 was found 
in O. rufipogon from China, a putative origin 
of japonica rice. The 18-nt region specific to 
Nipponbare type Sdr4 was found as a complete 
direct repeat which seems like a result of double 
strand cleavage and repair. Thus, we speculated 
that Nipponbare type Sdr4 may have arisen 
during domestication or adaptation of japonica 
rice in China perhaps from being chosen by an-
cient farmers or from outcompeting other types 

Fig. 3. Network regulating PHS resistance.

The seed maturation growth regulator, OsVP1 controls 
Sdr4, and Sdr4 may prevent PHS through the function of 
OsDOG1-like genes independently from stress tolerance.

Fig. 2. Complementation analysis.
Genetic analysis indicated that Sdr4 is located on the 
8.7-kb candidate region. The 3.3-kb Kasalath fragment 
including Os07g0585700  can complement PHS 
resistance, indicating it is Sdr4.

Fig. 4. Improvement of Koshihikari.

Compared with Koshihikari (left), NIL[Sdr4] (right) 
containing a 1Mb segment including Sdr4 of Kasalath 
showed higher resistance to PHS.
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RiceXPro: A reference database for characterization of 
the field transcriptome of rice 

Yutaka SATO1, Baltazar ANTONIO1, Nobukazu NAMIKI2, Hinako TAKEHISA1, Hiroshi 
MINAMI2, Kaori KAMATSUKI2, Kazuhiko SUGIMOTO1, Yuji SHIMIZU2, Hirohiko 
HIROCHIKA1, Yoshiaki NAGAMURA1

1Genome Resource Center, NIAS, 2Mitsubishi Space Software Co., Ltd.

Functional characterization of all annotated 
genes in rice is indispensable for complete 
understanding of its biology and for efficient 
utilization of the genome sequence information 
in crop improvement. Although significant 
progress has been achieved in identifying many 
agronomically important genes since the high 
quality map-based rice genome sequence was 
released, a large number of genes still remain 
to be fully characterized in terms of function. 
We constructed the Rice Expression Profile 
Database (RiceXPro, http://ricexpro.dna.affrc.
go.jp/) of the model rice cultivar Nipponbare in 
order to establish a comprehensive gene expres-
sion database that can be used as the standard 
for understanding genome-wide expression of 
all rice genes under normal field conditions. The 

overall concept of this database is to provide 
reference information for genes expressed in 
different organs or tissues and in specific stages 
of growth and development that can be used 
for elucidating the function of all predicted rice 
genes.

The database currently contains gene expres-
sion data of rice tissues and organs generated 
by one-color (Cy3) microarray hybridization us-
ing the rice 4X44K oligoarray platform (Agilent). 
Two sets of data corresponding to spatiotempo-
ral gene expression profiling based on 48 tissues 
and organs at different developmental stages, 
and continuous profiling of leaves from trans-
planting until harvesting are currently available 
(Fig. 1). All expression data were processed for 
background correction of the raw signals. The 

Fig. 1. The gene expression data in RiceXPro were derived from spatiotemporal gene expression 
profiling of rice tissues and organs at different stages of development and continuous gene 
expression profiling of leaves throughout the entire cycle from transplanting to harvesting.
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processed signal intensities of 40,121 probes 
corresponding to 27,800 loci as described in the 
Rice Annotation Project Database (RAP-DB, 
http://rapdb.dna.affrc.go.jp/) were subjected to 
75 percentile normalization and log2 transforma-
tion and used for the construction of expression 
profiles. 

A user-friendly web interface with two search 
options, namely, keyword search and chromo-
some search, provides an overview of gene 
expression profiles in a graphical format (Fig. 2). 
The tools for correlation analysis and t-test/fold 
change (FC) analysis facilitate the evaluation 
and comparison of expression patterns based 
on the signal intensity of genes in different 
organs/tissues or at different stages of growth 
under natural field conditions. Information of co-
expressed genes based on calculation of Pearson’
s correlation coefficients of the normalized 
signal intensities in each data set can be used to 
speculate about the function of uncharacterized 
genes of interest and to find new genes which 
may be associated with a particular gene func-

tion. Download functions for expression profiles, 
sequence information, and heat maps could 
be useful in detailed characterization of gene 
functions.

The database will be expanded to include 
detailed gene expression profiles of various 
tissues and organs at critical stages of develop-
ment such as tillering, panicle initiation, heading, 
seed ripening, etc. The overall transcriptome 
data of rice under field conditions could then 
be used as reference for analysis of the many 
biological processes involved in the growth and 
development of the rice plant with important 
ramifications in crop productivity. 

Reference
Sato, Y., Antonio, B.A., Namiki, N., Takehisa, 

H., Minami, H., Kamatsuki, K., Sugimoto K, 
Shimizu Y, Hirochika H, Nagamura Y. (2011) 
RiceXPro: a platform for monitoring gene ex-
pression in japonica rice grown under natural 
field conditions Nucleic Acids Research 39: 
D1141-1148

Fig. 2. The web interface of RiceXPro provides options for searching and viewing gene expression profiles 
for specific genes.

An example of the gene expression profile for Os06g0257000 (Hd1) based on analysis of different tissues 
and organs (A) and leaf tissues throughout the entire cycle from transplanting to harvesting (B).
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oral administration at a dose of 1 g seed/kg. 
In our recent studies, we produced transgenic 

rice seed that accumulated higher amounts 
of novokinin peptide by expressing 10 or 
18 tandemly repeated novokinin sequences 
with an ER retention signal (KDEL) at the 
C terminus directly under the control of the 
glutelin promoter containing its signal peptide. 
However, novokinin did not accumulate to high 
levels by this strategy, because it unexpectedly 
was deposited in the nucleolus. This abnormal 
intracellular localization was explained by find-
ing a sequence encoding a signal for nuclear 
localization, since a GFP reporter fused to this 
sequence was found to be targeted to nuclei in 
a transient assay using onion epidermal cells. 

Transgenic seed expressing the 18-repeat 
novokinin exhibited significantly higher anti-
hypertensive activity after a single oral dose 
to SHR even at one-quarter the amount (0.25g/
kg) of the transgenic rice seed expressing the 
fusion construct, though its novokinin content 
was much lower (1/5) (Fig. 1). Furthermore, 
in a long-term administration for 5 weeks, an 
even smaller dose (0.0625g/kg) of transgenic 
seeds could confer anti-hypertensive activity. 
This high anti-hypertensive activity may be 
attributed to the unique intracellular localization 
and to differences in digestibility of expressed 
products by gastrointestinal enzymes.. These 
results indicate that accumulation of novokinin 
as a tandemly repeated structure in transgenic 
rice is more effective than as a novokinin-
glutelin fusion structure.

Significant anti-hypertensive activity of transgenic rice 
seed containing an 18-repeat novokinin peptide

Fumio TAKAIWA1, Yuya WAKASA1, Sakiko HIROSE1, Lijung YANG1, Masaaki YOSHIKAWA2

1Transgenic Crop Research and Development Center, NIAS, 2Kyoto University

Hypertension is a disease that involves 
complex interactions between genetic, dietary 
and environmental factors. Approximately 1 
billion people worldwide suffer with this disease. 
Novokinin (a new ovokinin, RPLKPW) is a 
potent anti-hypertensive peptide that was modi-
fied from ovokinin (2-7) derived from ovalbumin. 
Novokinin can induce vasodilation through an 
affinity for an AT2 receptor acting as an agonist 
for this receptor. Oral administration of novoki-
nin at a dose of 0.1 mg/kg lowers the systolic 
blood pressure of spontaneously hypertensive 
rats (SHR).

We have been developing transgenic rice 
seeds containing novokinin that can result in 
high anti-hypertensive activity through the daily 
diet since rice is a staple food in many Asian 
countries. A line of transgenic rice containing 
the novokinin peptide as a fusion protein with 
glutelin, a rice seed storage protein, was pro-
duced in our previous study.

Two dimers of novokinin (four copies of the 
novokinin peptide) were inserted in two highly 
variable sites at the C terminal region of the 
acidic subunit of two glutelins, GluA2 and GluC. 
After these modified glutelin cDNAs were 
linked to the glutelin GluB2 and GluB4 promot-
ers, the two expression cassettes were inserted 
into the rice genome and were expressed in 
seeds. The accumulation levels of these fusion 
proteins in transgenic rice seeds represented 
nearly 10% of the total seed protein. Oral 
administration of transgenic rice seed to SHR 
significantly reduced systolic blood pressures 
by an average of 15.6 ± 4.8 mmHg at 2 hr after 
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Fig. 1. Anti-hypertensive activities of transgenic rice seeds.

Time course and dose dependency of antihypertensive activity after oral administration of 18-repeat 
novokinin rice seed (A). Antihypertensive activities at 4 hr after oral administration (B). Time course of 
hypertensive activities after oral administration of 1 g/kg of GluA2-HRP/GluC-HRP rice seed (C).
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organisms, the enzymes reported so far are all 
cytosolic. We found that rice (Oryza sativa L. cv. 
Nipponbare) has a novel PEPC isozyme, Osppc4, 
that is targeted to the chloroplast.

Searches of rice genome databases identified 
six putative PEPC genes. Five encode the plant-
type PEPC that undergoes activity regulation 
through protein phosphorylation, and one en-
codes the bacterial-type isozyme. The deduced 
amino acid sequences of the plant-type genes 
are highly homologous to one another, except 
that Osppc4 has an extension at the N terminus. 

A unique route to provide organic acids for ammonium 
assimilation is crucial for growth of rice plants in 
waterlogged soil

Chisato MASUMOTO1, Shin-Ichi MIYAZAWA1, Takuya FUKUDA1, Miyako KUSANO2, 
Kazuki SAITO2, Hiroshi FUKAYAMA3, and Mitsue MIYAO1

1Photobiology and Photosynthesis Research Unit, NIAS, 2Plant Science Center, RIKEN, 
3Kobe University

Phosphoenolpyruvate carboxylase (PEPC; EC 
4.1.1.31) catalyzes irreversible β-carboxylation 
of phosphoenolpyruvate (PEP) in the presence 
of HCO3

- and Mg2+ to yield oxaloacetate (OAA) 
and inorganic phosphate (Pi). It is a key enzyme 
of primary metabolism in bacteria, algae, and 
vascular plants, and it has a major anaplerotic 
function replenishing the TCA cycle with 
intermediates, which are withdrawn for am-
monium assimilation and subsequent amino acid 
synthesis. Although PEPC genes and proteins 
have been extensively studied in a variety of 

Fig. 1. Effects of the Osppc4 knockdown on growth of rice plants.

(Left) Seedlings of non-transgenic rice (NT) and the homozygous knockdown line of the T4 generation (4i-
2) were transferred to a culture solution containing either NH4

+ or NO3
- at 1 mM (day 0) and cultivated for 25 

days. Five plants were harvested every 6-7 days after the transfer, and plant dry weight (upper) and lamina 
area (lower) were determined. Data represent means ± SD. *P < 0.05; **P < 0.01 between non-transgenic rice 
and 4i-2 by the Student’s t-test. 
(Right) Two-month-old plants grown in soil. NT, non-transgenic rice; 4i-2, 4i-10, homozygous knockdown 
lines of the T4 generation.
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carbon skeleton donors for these processes.
The chloroplastic PEPC gene is also identi-

fied in other Oryza species tested, namely, the 
Indica-type rice cultivar Kasalath (O. sativa; AA 
genome) and three wild rice species, O. rufi-
pogon (AA genome), O. eichingeri (CC genome), 
and O. rhizomatis (CC genome), all of which are 
adapted to waterlogged soil where the major 
nitrogen source is ammonium. It is suggested 
that, in addition to glycolysis, the genus Oryza 
has a unique route to provide organic acids 
for ammonium assimilation that involves a 
chloroplastic PEPC (Fig. 2), and that this route is 
crucial for growth with ammonium.

Reference

Masumoto C, Miyazawa S, Ohkawa H, Fukuda 
T, Taniguchi Y, Murayama S, Kusano 
M, Saito K, Fukayama H, Miyao M (2010) 
Phosphoenolpyruvate carboxylase intrinsically 
located in the chloroplast of rice plays a crucial 
role in ammonium assimilation Proceedings 
of the National Academy of Sciences of the 
United States of America 107(11): 5226-5231

The expression of a protein fusion between 
the N-terminal portion of Osppc4 and green 
fluorescent protein in dayflower (Commelina 
communis L.) epidermal cells confirmed that 
the extension acts as a chloroplast targeting 
peptide, and thus indicated that Osppc4 encodes 
the chloroplastic PEPC. The presence of a PEPC 
protein inside the chloroplast was confirmed by 
immunoblotting of intact chloroplasts isolated 
from rice leaf blades. 

Osppc4 was expressed in all organs tested and 
showed highest expression in the leaves. It was 
expressed specifically in mesophyll cells of the 
leaves, and the activity of Osppc4 accounted for 
about one-third of total PEPC activity in the leaf 
blade. Knockdown of Osppc4 expression by the 
RNAi technique led to stunting at the vegeta-
tive stage, which was much more marked when 
rice plants were grown hydroponically with 
ammonium than with nitrate as the nitrogen 
source (Fig. 1). Metabolome analysis of the leaf 
blade from ammonium-grown plants suggested 
that the knockdown suppressed ammonium as-
similation and subsequent amino acid synthesis 
by reducing levels of organic acids, which are 

Fig. 2. A unique route of organic acid synthesis in mesophyll cells of rice leaves.

In general, organic acids are synthesized from photosynthates through glycolysis and the TCA 
cycle in the cytosol. In addition to glycolysis, rice has a unique route for organic acid synthesis 
that involves a chloroplastic PEPC, and this route provides carbon skeletons for ammonium 
assimilation by the GS/GOGAT cycle inside the chloroplast.
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lecular mechanisms underlying the precise mea-
surement of day-length remain to be revealed. 
Since florigen, a mobile and long-distance signal 
to trigger photoperiodic flowering was recently 
identified, we here attempted to analyze the 
accuracy of day-length recognition in rice by 
monitoring gene expression of the florigen Hd3a 
gene, and to elucidate the underlying molecular 
mechanisms for the day-length recognition in 
rice.

In rice, florigen Hd3a is preferentially 
expressed mainly in the morning under short-
day conditions. We reveal here that the morning 
expression of Hd3a is switched on at day-
lengths of less than 13 hours, whereas Hd3a 
expression decreases markedly, to about 1/10 of 

Molecular basis conferring critical day length recognition 
for florigen gene expression in rice

Hironori ITOH1, Yasunori NONOUE2, Masahiro YANO3, Takeshi IZAWA1

1Photosynthesis and Photobiology Research Unit NIAS, 2Institute of the Society for 
Techno-innovation of Agriculture, Forestry and Fisheries, 3QTL genomic Research 
Center, NIAS

Many plants can monitor seasonal changes 
of day-length to induce flowering at appropri-
ate seasons for successful reproduction. This 
phenomenon is referred to as photoperiodism. 
Because the adaptation of crops to various natu-
ral environments depends on natural variations 
of flowering-time and the corresponding timing 
of seed-ripening, flowering-time control is one of 
the important agronomic targets associated with 
crop yields. In general, many short-day plants, 
including rice, have a certain threshold of day-
length where the plant determines whether to 
flower or not; whereas, many long-day plants 
have relatively modest responses to changes in 
day-length. Several genes affecting flowering-
time have been identified in rice, but the mo-

Fig. 1. Levels of Hd3a and Ehd1 mRNA under various day-length conditions.

Wild-type rice plants were grown under normal day-length conditions for 10 days, and then 
transferred to the indicated day-length conditions for 4 days. mRNA levels were analyzed 
at 3 hour after dawn. The y axis is a log scale.



Annual Report 2011 13

Fig. 2. Red light pulses suppress blue light-dependent expression of Ehd1.

Single blue light pulses to wild type rice plants under short-day conditions induced Ehd1 
expression, which peaked at 12 hour after dusk. Red light pulsing at mid-night severely 
suppressed Ehd1 induction by subsequent blue light pulses 9 and 12 hour after dusk. Red or blue 
bands are 10-min red light pulses or 1-hour blue light pulses.

dawn for blue-light signals to induce Ehd1 ex-
pression. On the other hand, Ghd7 is regulated 
by a gated phytochrome signaling mechanism. 
Under long-day conditions, Ghd7 expression by 
red light was induced with a photo-inducible 
phase clearly peaking at around dawn. Under 
short-day conditions, however, the peak photo-
inducibility of Ghd7 shifted to midnight. Thus, 
unlike Ehd1, the photo-inducible phase for 
Ghd7 is set differently depending on day-length. 
Although a brief exposure to red light – the 
so-called ‘night-break’ – inhibits flowering in 
rice under short-day conditions, we confirmed 
that red-light pulses given at midnight under 
short-days can suppress blue-light dependent 
expression of Ehd1 around dawn (Fig. 2). These 
findings enable us to propose the molecular 
basis of the precise day length recognition for 
Hd3a florigen expression in rice (Fig. 3). The 
refined regulation of Hd3a expression conferred 
by the two distinct circadian clock regulations 
for the Ehd1 floral promoter and the Ghd7 
floral repressor could enable rice plants to ma-
nipulate slight differences to control flowering-
time and increase the local adaptability of rice 
plants thereby increasing global yields of rice.

the high expression at a day-length of 13.5 hours 
and becomes undetectable at more than 14 
hours (Fig. 1). Therefore, Hd3a is regulated with 
recognition of only a 30-minute reduction in day-
length. In addition, Ehd1, an activator of Hd3a 
expression, is also expressed at day-lengths of 
less than 13 hours and become undetectable at 
day-lengths of more than 13.5 hours, strongly 
suggesting that the critical day-length recogni-
tion of Hd3a gene expression is conferred by 
Ehd1.

We further demonstrated that this precise 
day-length recognition for Hd3a expression is 
achieved by a genetic interaction of a pair of flo-
ral regulators; one is Ehd1, an activator of Hd3a, 
and the other is Ghd7, a repressor of Ehd1. We 
also revealed that Ehd1 and Ghd7 are induced 
by blue-light and by the phytochrome-mediated 
red-light signals, respectively. Importantly, light 
inducible gene expression of both floral regula-
tors is controlled by circadian clocks. Ehd1 
expression showed clear rhythmic responses 
to blue-light pulses given at various times, with 
a peak induction around dawn, regardless of 
given day-length conditions. Thus, circadian 
clocks shape a photo-inducible phase around 
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Fig. 3. A model of the precise day-length recognition for Hd3a expression in rice.

Day-length dependent Hd3a expression in the morning is controlled by both Ehd1 and Ghd7. Photo-
inducible phases of Ehd1 (blue dotted lines) and Ghd7 (red dotted lines) are shown (top panels). Because 
the Ghd7 peak of photo-inducibility is set at mid-night and the Ehd1 peak of photo-inducibility is set around 
dawn under short-day conditions, Ehd1 is preferentially induced by blue-light signals in the sunlight at 
dawn. In turn, Hd3a is induced (middle left). A short exposure to red light given at midnight (night-break) 
activates Ghd7 and suppresses blue light-dependent Ehd1 induction around dawn (middle right). Although 
both Ghd7 and Ehd1 expression could be induced at the same time under long days, Ghd7 expressed in the 
morning can suppress blue-light induction of Ehd1 the next morning, leading to stable suppression of Hd3a 
expression under long-day conditions (bottom panels).
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major quantitative gene in rice cultivars derived 
from an indica rice cultivar, Modan. Pb1-
mediated resistance, which is characterized by 
durability of resistance and adult/panicle blast 
resistance, was introduced into elite varieties for 
commercial cultivation, and has not experienced 
breakdown for nearly 30 years. 

We isolated Pb1 by map-based cloning to 
facilitate its utilization in breeding and to 

Map-based cloning of a durable panicle blast-resistance 
gene Pb1 and elucidation of its evolutionary mechanism

Nagao HAYASHI1, Haruhiko INOUE1, Takahiro KATO2, Taketo FUNAO2, Masaki SHIROTA2, 
Takehiko SHIMIZU3, Hiroyuki KANAMORI3, Hiroko YAMANE3, Yuriko HAYANO-SAITO4, 
Takashi MATSUMOTO5, Masahiro YANO6, Hiroshi TAKATSUJI1 
1Plant Disease Resistance Research Unit, NIAS, 2Aichi Agricultural Research Center, 
3Institute of the Society for Techno-Innovation of Agriculture, Forestry and Fisheries, 
4National Agricultural Research Center for Hokkaido Region, National Agriculture and 
Food Research Organization, 5Plant Genome Research Unit, NIAS, 6QTL Genomic 
Research Center, NIAS 

Rice blast, caused by Magnaporthe oryzae, is 
one of the most widespread and destructive dis-
eases of rice. Panicle blast occurs after heading 
stage and causes severe decreases in grain yield 
and reduction in the quality of brown rice. In 
Japan, most of the leading rice cultivars with ex-
cellent eating quality are susceptible to panicle 
blast. Panicle blast resistance gene, Panicle 
blast resistance-1 (Pb1), had been identified as a 

Fig. 1. Developmental pattern of Pb1 expression and blast resistance.

Developmental pattern of Pb1 mRNA expression in the leaves of Pb1+ cultivar (Koshihikari-
Aichi-SBL) at 2-leaf (2L), 6-leaf (6L), 10-leaf (10L), flag leaf, and full heading stages are shown 
by the red line. Blast susceptibility (blue line) indicates lesion numbers in the leaves (2L, 6L, 
10L and Flag leaf stage) and the frequency of diseased grains in Pb1+ cultivar relative to those 
in near-isogenic Koshihikari without Pb1 (-Pb1). Averages of 10 plants are shown with standard 
errors. 
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Pb1 homologous sequence Pb1’ was present in 
the other repeat (Fig. 2). Because of this struc-
ture, the 1-kb sequences immediately upstream 
of Pb1 and Pb1’ are common, but their further 
upstream sequences are completely different. 
This raises the possibility that a genome rear-
rangement in the ancestral Pb1(Pb1-0) locus 
joined the Pb1 coding sequence to an unrelated 
sequence with promoter activity, thereby play-
ing a crucial role in the generation (enhancing 
the activity) of Pb1. Promoter:GUS analysis 
indicated that genome duplication played a 
crucial role in the generation of Pb1 by placing 
a promoter sequence upstream of its coding se-
quence, thereby conferring the above-mentioned 
Pb1-characteristic expression pattern to a 
transcriptionally inactive ‘sleeping’ resistance 
gene. 

Reference

Hayashi N, Inoue H, Kato T, Funao T, Shirota M, 
Shimizu T, Kanamori H, Yamane H, Hayano-
Saito Y, Matsumoto T, Yano M, Takatsuji H 
(2010) Durable panicle blast-resistance gene 
Pb1 encodes an atypical CC-NBS-LRR protein 
and was generated by acquiring a promoter 
through local genome duplication The Plant 
Journal 64(3): 498-510

elucidate the molecular basis underlying its 
useful characteristics. It encoded a coiled-coil–
nucleotide-binding-site–leucine-rich repeat (CC–
NBS–LRR) protein. The Pb1 protein sequence 
differed from previously reported R-proteins 
in that the P-loop was absent and some other 
motifs were degenerated in the NBS domain. 

In a Pb1+ cultivar Koshihikari-Aichi-SBL, the 
level of blast resistance increased with plant 
growth. The resistance was weak during young 
stages, but became stronger in adult stages 
(adult/panicle resistance). qRT-PCR analysis of 
Pb1 in the Pb1+ cultivar showed that the level 
of Pb1 transcripts was low during the early 
vegetative stages (two- and six-leaf stages), 
but was upregulated in the 10-leaf and flag 
leaf stages, and further upregulated at the full 
heading stage (Fig. 1). Thus, the Pb1 expression 
pattern accounts for adult/panicle resistance in 
Pb1+ cultivars. Pb1-ox rice plants that consti-
tutively express Pb1 exhibited strong leaf-blast 
resistance at the seven-leaf stage, when Pb1+ 
cultivars are blast susceptible, further support-
ing the conclusion that the expression pattern 
of Pb1 is a determinant for the developmental 
pattern of blast resistance in Pb1+ cultivars.

Pb1 was located in one of two tandemly-
repeated 60-kb sequences in the rice genome; 

Fig. 2. Evolution of the Pb1 gene.

Pb1 has arisen as a consequence of a gene duplication event that placed a promoter sequence 
upstream of Pb1 coding sequence.
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pathogen of Arabidopsis. This screening success-
fully identified many rice genes that conferred 
resistance to Pst DC3000 and some of them 
also conferred resistance to a fungal pathogen 
Colletotrichum higginsianum in Arabidopsis. 

BROAD-SPECTRUM RESISTANCE 1 
(BSR1) gene is one of such genes that conferred 
Arabidopsis with resistance to both pathogens 
(Fig. 1). When overexpressed in rice, BSR1 
conferred resistance to Xanthomonas oryzae 
pv. oryzae (Xoo), the bacterial pathogen causing 
bacterial leaf blight (Fig. 2a), to a level similar 
to that in a highly resistant cultivar Asominori. 
BSR1 also conferred strong resistance to 

BSR1 gene identified by FOX hunting method confers 
resistance to major bacterial and fungal pathogens in 
Arabidopsis and rice

Joseph G. DUBOUZET1, Satoru MAEDA1, Shoji SUGANO1, Miki OHTAKE1, Nagao 
HAYASHI1, Takanari ICHIKAWA2, Youichi KONDOU2, Hirofumi KURODA2, Yoko HORII2, 
Minami MATSUI2, Kenji ODA3, Hirohiko HIROCHIKA1, Hiroshi TAKATSUJI1 Masaki MORI1

1Plant Disease Resistant Research Unit, NIAS, 2Plant Science Center, RIKEN, 3Research 
Institute for Biological Sciences, Okayama Prefectural Technology Center for Agriculture, 
Forestry, and Fisheries, 4Division of Genome and Biodiversity Research, NIAS

Plant diseases, which can be caused by various 
pathogens, are one of the major limiting factors 
in crop production. Utilizing genes involved 
in plant defense mechanisms is an approach 
to develop disease resistant crops. Therefore, 
identifying plant genes that can confer broad-
spectrum disease resistance to crops is of high 
agronomical importance. In order to isolate 
rice (Oryza sativa L.) genes which confer broad-
spectrum disease resistance, we screened 20,000 
rice-FOX Arabidopsis lines, which overexpress 
13,000 rice full-length cDNAs in Arabidopsis thali-
ana, for resistance to Pseudomonas syringae pv. 
tomato DC3000 (Pst DC3000), the major bacterial 

Fig. 1. Phenotypic responses to pathogen dip inoculations in BSR1 overexpressing Arabidopsis.

BSR1 overexpressing Arabidopsis shows enhanced resistance to Pseudomonas syringae pv. tomato DC3000 
(a) and Colletotrichum higginsianum (b). The amounts of residual chlorophyll, which appear green under white 
light and red under UV, were used to assess resistance. 
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the broad-spectrum disease resistance observed 
in both Arabidopsis and rice plants that overex-
press BSR1.

Thus, our findings demonstrate the utility 
of the rice-FOX Arabidopsis lines as a tool for 
identifying new genes involved in plant defense, 
and moreover, suggest the presence of a 
defense mechanism common between monocots 
and dicots. BSR1 will be useful for developing 
transgenic monocot and dicot crops of broad-
spectrum disease resistance.

Reference

Dubouzet J.G, Maeda S, Sugano S, Ohtake M, 
Hayashi N, Ichikawa T, Kondou Y, Kuroda 
H, Horii Y, Matsui M, Oda K, Hirochika H, 
Takatsuji H, Mori M (2011) Screening for 
resistance against Pseudomonas syringae in 
rice-FOX Arabidopsis lines identified a puta-
tive receptor-like cytoplasmic kinase gene 
that confers resistance to major bacterial 
and fungal pathogens in Arabidopsis and rice 
Plant Biotechnology Journal 9(4):466-485 

Magnaporthe oryzae, a fungal pathogen causing 
rice blast, which is the most devastating rice 
disease in Japan (Fig. 2b). The resistance level 
of BSR1-overexpressing rice to M. oryzae was 
higher than that of the cultivar Sensho, which 
has a strong non-race-specific resistance to M. 
oryzae. To our knowledge, no other monocot 
gene has been reported to confer resistance 
to both bacterial and fungal pathogens in both 
monocot and dicot plants.

BSR1 encodes a putative receptor-like cyto-
plasmic kinase and has sequence similarity to 
Arabidopsis BIK1. BIK1 is known to associate 
with a flagellin receptor complex (FLS2/BAK1) 
to initiate plant innate immunity. BIK1 becomes 
phosphorylated upon perception of flagellin 
or translation elongation factor, two of the 
typical pathogen-associated molecular patterns 
(PAMPs), and is thought to mediate PAMPs–
triggered immunity signal transduction from 
multiple PAMP receptor complexes. Therefore, 
it is likely that BSR1, like BIK1, functions in 
linking multiple PAMP receptor complexes to 
downstream intracellular signaling, considering 

Fig. 2. Phenotypic responses to pathogen inoculations in BSR1 overexpressing rice.

BSR1 overexpressing rice shows enhanced resistance to Xanthomonas oryzae pv. oryzae by clip inoculation (a) 
and Magnaporthe oryzae by spray inoculation (b). Arrowheads in (a) indicate the sites of inoculation.
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a novel method to obtain Kupffer cells in suf-
ficient number and purity from mixed primary 
cultures of adult rat liver cells, as schematically 
illustrated in Fig. 1.

After dissociation of the liver cells by two-
step perfusion method, a fraction mostly com-
posed of parenchymal hepatocytes is prepared 
and seeded into T75 tissue culture flasks with 
culture medium composed of Dubecco’s modi-
fied Eagle’s Medium and 10% fetal calf serum. 
Parenchymal hepatocytes lose the epithelial cell 
morphology within a few days in culture and 
degenerate or transform into fibroblast-like cells 
(Fig. 2). As the culture proceeds, around day 6, 
phase contrast-bright, round macrophage-like 
cells start to proliferate on the fibroblastic cell 

A simple and efficient method to isolate Kupffer cells 
 (liver macrophages) from mixed primary cultures  
of adult rat liver cells

Hiroshi KITANI
Transgenic Animal Research Center, NIAS

Kupffer cells are liver-specific resident 
macrophages and play an important role in 
the physiological and pathological functions 
of the liver. Kupffer cells also have important 
roles in acute and chronic responses of the 
liver to infections by bacteria and viruses and 
toxic or carcinogenic substances, as well as 
mediating hepatotoxicity. Proper modulation of 
the inflammatory activities of Kupffer cells by 
specific reagents has been a challenge for phar-
macological interventions; as a result, attempts 
have been made to establish and refine the 
isolation methods of Kupffer cells from the liver. 
However, most of the previous methods require 
sophisticated equipment, such as a centrifugal 
elutriator and technical skills. Here, we provide 

Fig. 1. A scheme for selective isolation and purification of macrophage-like cells from mixed primary culture 
of rat liver cells.
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macrophage-like cells proliferate on the cell 
sheet of mixed primary cultures of liver cells. 

By shaking of the culture flasks, macrophages 
are readily suspended into the culture medium. 
Subsequent transfer and short incubation in 

sheet (Fig. 2). The growth of the macrophage-
like cells continues and reaches maximum levels 
around day 12, covering the cell sheet on the 
flask surface. To the best of our knowledge, 
this is the first demonstration that ordinary 

Fig. 2. Primary culture of rat liver cells and proliferation of macrophage-like cells. 

Arrow indicates a multinuclear giant cell. 

Fig. 3. Selective isolation of macrophage-like cells by the shaking and attachment method.

Subsequent changes in cell numbers recovered from flasks at different culture periods are 
shown. Values are an average ± SD from three to five flasks. Experiments were repeated 
three times and data are indicated by different symbols.



Annual Report 2011 21

In conclusion, we provide a simple and effi-
cient method to obtain Kupffer cells in sufficient 
number and purity without complex equipment 
and skills. This method might be applicable to 
other mammalian species, including human. 
Isolated Kupffer cells could be used for medical 
and pharmacological studies of liver diseases.
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plastic dishes result in selective adhesion of 
macrophages, whereas other contaminating 
cells remain suspended. After several rinses 
with PBS, attached macrophages are harvested. 
More than 106 cells can be harvested repeatedly 
from the same T75 tissue culture flask at two 
to three day intervals for more than two weeks 
(Fig. 3). The purities of the isolated macrophages 
were 95 to 99%, as evaluated by flowcytometry 
or immunocytochemistry with rat macrophage-
specific antibodies (Fig. 4). In addition, the isolat-
ed cells show active phagocytosis of polystylene 
beads, proliferative response to recombinant 
granulocyte-macrophage colony stimulating 
factor (GM-CSF), secretion of inflammatory/anti-
inflammatory cytokines upon stimulation with 
lipopolysaccharide (LPS), and formation of multi-
nucleated giant cells. These results indicate that 
the isolated cells have functional characteristics 
of Kupffer cells.

Fig. 4. Immunocytochemical staining of macrophage-like cells with monoclonal antibodies against rat 
macrophages (CD68 and CD172a).
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We first mapped the distribution of kis-
speptin neurons in the hypothalamus, and 
then measured neural activity as multiple-unit 
activity (MUA) through electrodes aimed at 
the kisspeptin neurons. In so doing, we found 
that rhythmic increases in MUA (MUA volleys) 
occur at regular intervals and that these volleys 
are temporally associated with LH pulses (Fig. 
1A), indicating for the first time that a group of 
the kisspeptin neurons is the intrinsic source of 
the GnRH pulse generator. 

By immunohistochemical analysis, we dem-
onstrated that the majority of the kisspeptin 
neurons co-express neurokinin B (NKB) and 
dynorphin A (Dyn), both of which are implicated 
in the control of GnRH release. Then, we 
examined the effects of NKB and Dyn on neural 
activity of the kisspeptin neurons. Central 

Elucidation of central mechanism controlling reproductive 
functions in mammals

Yoshihiro WAKABAYASHI, Takashi YAMAMURA, Tamami HOMMA, Hiroaki OKAMURA
Animal Physiology Research Unit, NIAS

Pulsatile secretion of gonadotropin-releasing 
hormone (GnRH) is the final pathway through 
which the brain regulates gonadal activity 
in mammals. The hypothalamic GnRH pulse 
generator that generates intermittent GnRH 
discharges into the portal vessels and thereby 
regulates pulsatile luteinizing hormone (LH) into 
the peripheral circulation has been recognized 
as a key determinant of reproductive function 
in mammals. However, neural identity of the 
pulse generator per se has not been known up 
to this time. Because recent emerging evidence 
indicates that kisspeptin, a newly found peptide 
in the brain, may act as a critical player in the 
control of GnRH secretion, we aimed to elucidate 
the pulse generating mechanism by focusing on 
this peptide using the goat as an experimental 
animal.

Fig. 1. Neural activity of kisspeptin neurons.

A, A schematic drawing of the recording method of kisspeptin neuronal activity, and representative data 
showing the intimate association between MUA volley and LH pulses in plasma. Note that MUA volleys 
occur at an almost constant interval in the normal state. B, Effects of central administration of NKB or 
Dyn on MUA volley. NKB stimulated, whereas Dyn suppressed the occurrence of the MUA volley.
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axis is highly conserved among mammals, the 
present model established by the studies in 
the goat might contribute to further advance 
our understanding of the control mechanisms 
of reproduction in various animals including 
domestic animals and human beings.
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administration of a bolus of NKB between MUA 
volleys transiently induced multiple MUA 
volleys (Fig. 1B), which suggests that NKB 
signaling plays a role in facilitating activation 
of the kisspeptin neurons. On the other hand, a 
similar mode of Dyn administration suppressed 
the occurrence of spontaneous MUA volleys 
(Fig. 1B), suggesting that Dyn signaling acts to 
suppress the activation of arcuate nucleus (ARC) 
kisspeptin neurons.

Collectively, we propose a model for the pulse 
generating mechanism as shown in Fig. 2, in 
which rhythmic oscillation of neural activity 
is generated in the kisspeptin neurons by 
reciprocal actions of NKB and Dyn signaling. It 
is suggested that the kisspeptin neurons would 
act as the GnRH pulse generator through the 
coordinated interaction between three peptides. 

Because it is thought that the GnRH pulse 
generator acts as the highest center in the 
reproductive axis and that this regulatory 

Fig. 2. Putative model for the pulse generating mechanism in the kisspeptin neurons.

The kisspeptin neurons send axons to GnRH terminals in the median eminence, while their collaterals and 
dendrites form a bilateral neural network connecting the ensemble. Within the ensemble, NKB signaling 
plays a role in facilitating synchronized activation of the population of the kisspeptin neurons, whereas Dyn 
signaling acts, after a delay, to terminate this facilitation, leading to the generation of rhythmic oscillation of 
activity in the ensemble. Each oscillation of activity is considered to induce a pulse of kisspeptin release in 
the median eminence, which in turn evokes a discharge GnRH release into the portal circulation.
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Research Activities

Research Center

QTL Genomics Research Center

Uncovering of major genetic factors generat-
ing naturally occurring variation in heading 

date among Asian rice cultivars
Heading date is one of the crucial factors 

determining regional and seasonal adaptation in 
rice and has been a major target of selection in 
breeding programs. These genetic and molecu-
lar studies have contributed substantially to our 
understanding of heading date in rice. Although 
knowledge about the genetic control of rice 
heading has accumulated rapidly, the genetic 
mechanisms underlying the wide range of head-

ing date variation still remain to be clarified. 
To comprehensively dissect naturally occurring 
variation in rice heading date, we performed 
a QTL analysis in 12 populations derived from 
crosses of the japonica cultivar Koshihikari, as 
a common parental line, with diverse cultivars 
that originate from various regions in Asia. 

Days to heading (DTH) of the 12 diverse 
cultivars and the common Koshihikari (KSH) 
parent varied from 91 (extremely early) to 191 
(extremely late) under natural field conditions 
(Table 1). All 12 populations showed a wide 

Table 1. Geographical origin and heading date of rice accessions used in this study

Accessiona Abbreviations Origin Cultivar 
groupb Days-to-headingc 

Koshihikari KSH Japan A 109 ± 0.9
Qiu Zhao Zong QZZ China C 91 ± 1.4
Tupa 121-3 TUP Bangladesh B 102 ± 1.1
Muha MUH India B 106 ± 1.9
Davao1 DAV Philippines C 111 ± 1.1
Toboshi TOB Japan C 112 ± 1.3
Basilanon BAS Philippines B 115 ± 2.0 
Deng Pao Zhai DPZ China C 122 ± 1.8
Khau Mac Kho KMK Vietnam A 124 ± 1.2
Bei Khe BKH Cambodia C 125 ± 2.6
Naba NAB India C 127 ± 1.6
Khao Nam Jen KNJ Laos A 186 ± 3.4
Bleiyo BLE Thailand C 191 ± 1.5

a	All accessions were selected from world rice collections (WRC).
b Cultivar group is based on the regions where the accessions were originated.
 Groups A, B, and C, correspond to japonica, Aus, and indica, respectively.
c  Days to heading was scored at the Experimental Field of National Institute of Agrobiological 

Sciences, Tsukuba, Ibaraki, Japan (36° N). Days to heading is shown as mean ± standard deviation.
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range of DTH and a continuous distribution. 
Transgressive segregation was observed in 10 
F2 combinations. QTL analyses using multiple 
crosses revealed a comprehensive series of 
loci involved in natural variation in flowering 
time. The chromosomal locations of these QTLs 
corresponded well with those detected in other 
studies (Fig. 1). The allelic effects of the QTLs 
varied among the cross combinations. Sequence 
analyses revealed that functional polymor-
phisms, such as single nucleotide polymorphisms 
and InDels had occurred in previously cloned 
genes controlling heading date, such as Hd1, 
Hd3a, RFT1, Hd6, and Ghd7, indicating that al-
lelic variation at these loci probably contributes 
to variation in heading date (Fig. 1). 

Taken together, our data concerning the 
allelic differences found in the QTL analyses 
and the sequence variations within genes for 
heading date strongly suggest that a large por-
tion of the wide range of phenotypic variation 

in heading date and daylength response could 
be generated by combinations of different alleles 
and possibly could include both loss and gain 
of function for QTLs Hd1, Hd2, RFT1, Ghd7, 
DTH8 (Hd5), and Hd6/Hd16. Although we 
successfully detected several major QTLs by 
using F2 populations, it is very likely that some 
QTLs with minor effects also might be involved 
in the phenotypic variation seen in these F2 
populations. Therefore, it will be necessary to 
search again for heading date QTLs by using 
advanced progeny. Currently, we are developing 
populations of chromosome segment substitu-
tion lines (CSSLs) for 10 of the accessions (see 
next section). It would be interesting to discover 
additional QTLs with minor or epistatic effects 
under diverse environmental conditions using 
these CSSLs, resulting in understanding more 
comprehensively the genetic factors that induce 
natural variation in heading date of Asian 
cultivated rice.

Fig. 1. Chromosomal locations of QTLs for heading date detected in 12 F2 populations of rice.

The most likely QTL positions detected in each population are shown by arrowheads; confidence 
intervals (2-LOD reduction on each side) are indicated by bars extending from the arrowheads. The 
direction of additive effect of the Koshihikari allele at each QTL detected is shown by a white (earlier 
heading) or black (later heading) arrowhead. Geographical distribution of 10 accesions is shown in Fig. 2. 
MUH: Muha, NAB: Naba, TUP: Tupa, BLE: Bleiyo, KNJ: Khao Nam Jen, BKH: Bei Khe, KMK: Khao Mac 
Kho, QZZ: Qui Zhao Zhong, DPZ: Deng Pao Zhai, BAS: Basilanon.
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Novel plant materials contribute to the genetic 
dissection of natural variations

Quantitative trait locus (QTL) analyses have 
provided a powerful strategy to associate 
genomic regions with their phenotypic effects in 
rice. Many QTL analyses have been conducted 
using F2 populations and recombinant inbred 
lines (RILs). Genetic mapping populations 
such as F2 and BC1F1 populations are most 
frequently used in genetic analysis, but have 
several disadvantages in terms of the reproduc-
ibility and reliability of the results. In addition, 
detection power of QTL in F2 populations and 
RILs is often decreased by the nature of the pri-
mary mapping population. One major problem 
with RILs and F2 populations is the variation 
that occurs in heading date. In general, progeny 
derived from a cross between diverse acces-
sions often exhibit wide variation in heading 
date, particularly as a result of strong transgres-
sive segregation. Several morphological and 
physiological traits of agronomic interest, such 
as yield potential, eating quality, culm length, 
cold tolerance at the booting stage and source 
(photosynthetic) ability are often affected by 
heading date. Therefore, it may be difficult to 
precisely evaluate such traits among segregants 
with a large variation in heading dates.

To cope with this problem, we have been de-

veloping chromosomal segment substitution lines 
(CSSLs). We selected 10 accessions from a rice 
core collection to comprehensively characterize 
the diversity of Asian cultivated rice. Instead of 
phenotypic difference, we based our selection 
on the presence of sequence variation detected 
by means of RFLPs and on the accessions’ 
geographical distribution (Fig. 2). The accessions 
originated from different regions of Asia and 
belong to three different cultivar groups in 
three clusters: japonica (A), aus (B), and indica (C). 
Genetic divergence among these accessions has 
been demonstrated by using QTL analyses for 
heading date in F2 populations. Each accession 
exhibited a different combination of alleles at 
several known QTLs (Hd1, Hd2, RFT1, Hd6, 
Ghd7, and Hd5) (see previous section). This 
result may support the potential utility of the 
CSSLs that are now under development. Most 
of the plant materials for CSSLs are now at 
the stage of advanced backcross generations, 
such as BC4F2 or BC4F3. A set of CSSLs from 
these crosses will soon be available for public 
use. Naturally occurring allelic variation could 
be systematically analyzed in all chromosome 
segments from a particular donor line used to 
generate CSSLs or for particular chromosomal 
regions obtained from diverse donor lines.

Fig. 2. Origins and genetic relationships among the donors used to develop chromosome segment 
substitution lines (CSSLs).

(A) Map of the origin of 10 donors from a rice core collection (filled circles, Koshihikari background) (B) 
A dendrogram of the genetic relationships among the 10 donors from the rice core collection.
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Validated genome-wide single-nucleotide 
polymorphism (SNP) sets for rice diversity 
analysis

The DNA markers obtained by using SNPs 
are superior to other markers in terms of the 
number of alleles they detect and because of 
the unbiased distribution of these alleles in the 
genome. The use of next-generation sequencing 
technology has facilitated large-scale sequenc-
ing of multiple genomes, eventually leading to 
genome-wide discovery of SNPs. However, the 
existence of a large number of SNPs cannot 

always provide fruitful information for the 
analysis of large samples due to the presence 
of non-informative SNPs, including SNPs with a 
lack of signals and with an insufficient number 
of polymorphisms. Therefore, SNPs must be 
validated before they can support an effective 
analysis of genetic diversity in rice populations. 
To address this issue, we established two 
minimum SNP sets: one for the analysis of 
world rice populations (the W-Core SNP set, Fig. 
3a) and the other for Japanese rice populations 
(the J-Core SNP set, Fig. 3b). Both sets consist of 

Fig. 3. The distribution of 768 SNPs in (a) the world rice (W-Core) SNP set and (b) the Japanese 
(J-Core) SNP set.

▲ : Centromere positions. 

Fig. 4. Phylogenetic relationships within the (a) world and (b) Japanese rice populations based on the 
validated SNPs and the core SNP set.

The weighted neighbor-joining (NJ) dendrogram was drawn based on the allele differences within each SNP 
set. The horizontal scale bars indicate the distance estimated from the simple matching coefficient. Color 
circles indicate the different groupings into which the accessions were categorized.
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768 informative SNPs based on the validation of 
4070 and 3379 SNPs, respectively.

For the W-Core SNP set, we used 4070 ge-
nome-wide SNPs detected in 1578 genic regions 
from 140 diverse cultivars mainly collected from 
Asian countries, and compared them with the 
genome sequences of ‘Nipponbare’, ’Kasalath’, ’
Naba’, and ’Khau Mac Kho’ cultivars. For the 
J-Core SNP set, we used 3379 genome-wide 
SNPs detected using sequence alignments be-
tween ’Nipponbare’ and three related Japanese 
cultivars: ’Koshihikari’, ’Eiko’, and ’Rikuu 132’. 
The validated SNPs were extracted from each 
SNP set by subsequent analysis, such as the 
removal of SNPs with more than a certain level 
of no signal (e.g., >50%) in the test populations 

used for validation, with no match for the 
estimated genotype of each genome, and with 
a low allele frequency (e.g., ≤3%) to reduce the 
risk of genotyping error. Finally, we selected 
768 SNPs from the 3334 validated SNPs for the 
W-Core SNP set and another 768 from the 2551 
validated SNPs for the J-Core SNP set, with 
the distances between the physical positions of 
neighboring SNPs maximized. The phylogenic 
trees made from the 768 SNP alleles in the two 
core SNP sets showed similar patterns to those 
made from each validated SNP set (Fig. 4a, 
b). The results of this analysis suggest that a 
relatively small number of validated SNPs could 
facilitate diversity analysis for the world and 
Japanese rice populations.

Transgenic Crop Research and Development Center

Development of transgenic rice seed accumu-
lating hypocholesterolemic peptide ‘lactostatin’ 
derived from bovine milk β-lactoglobulin

Lactostatin is a novel hypocholesterolemic 
pentapeptide (IIAEK) derived from bovine milk 
β-lactoglobulin and has a greater hypocholester-
olaemic activity than the medicine b-sitosterol. 
We developed transgenic rice expressing 
lactostatin as fusion proteins with the seed 
storage protein (SSP) glutelins under the control 
of three different endosperm specific promoters. 
Approximately 32.1 mg/seed of lactostatin 
accumulated in transgenic rice seed without 
apparent influence on seed traits such as endog-
enous SSP expression levels and intracellular 
structures in endosperm cells. Short term (three 
days) oral administration of glutelin fraction con-
taining lactostatin (300 mg/kg body weight/day) 
extracted from the transgenic rice seeds to rats 
resulted in hypocholesterolemic activity in that 
serum low-density-lipoprotein (LDL) cholesterol 
level was significantly reduced accompanied by 
a significant increase in beneficial serum high-
density-lipoprotein (HDL) cholesterol (Table 1).

Development of transgenic rice seed with 
functional anti-hypertensive activity

Hypertension is a worldwide epidemic and 
is one of the most serious risk factors leading 
to other health problems. This disease involves 
complex interactions between genetics, dietary 
and environmental factors. Novokinin (RPLKPW) 
is a new potent anti-hypertensive peptide based 
on the sequence of ovokinin (2-7) derived from 
ovalbumin. Novokinin can induce vasodilation 
through an affinity for an AT2 receptor acting 
as an agonist for this receptor. We previously 
generated transgenic rice seeds in which eight 
novokinins were fused to storage protein 
glutelins for expression. Oral administration 
of these seeds to spontaneously hypertensive 
rats (SHRs) reduced systolic blood pressures 
at a dose of 1g seed/kg of SHR. Here, 10- or 
18-tandem repeats of novokinin with an ER 
retention signal (KDEL) at the C terminus were 
directly expressed in rice under the control 
of the glutelin promoter containing its signal 
peptide. Only small amounts of the 18-repeat 
novokinin accumulated and, unexpectedly, it 
was deposited in the nucleolus. This abnormal 
intracellular localization was explained by find-



Annual Report 2011  29

1.  Sample dissolved in distilled water was administered orally twice a day at 8:00 a.m. and 3:00 p.m. for 3 
days using a sonde.

2. Feeding period was 3 days, and fasting period was last 4 hours. 
3. Values are means ± SEM, n = 7.
4.  Within a row, means with different letters are significantly different (P<0.05) by Duncan’s multiple 

range test.
5. Values were calculated as follows: LDL + VLDL-cholesterol = Total cholesterol − HDL cholesterol.

Table 1. Effects of oral administration of al23-Glutelin (wild type) or lactostatin-glutelin (transgenic) on 
body and liver weights, food intake, serum and liver lipids in rats fed a High Cholesterol Containing Diet

Group
Control
(water)

al23-glutelin
(wild type)

lactostatin-glutelin 
(transgenic)

Body weight gain, g/3 days 2.5 ± 0.6 a 3.3 ± 0.4 a 3.5 ± 0.8 a
Liver weight, g/100 g body wt 4.65 ± 0.09 a 4.64 ± 0.15 a 4.74 ± 0.13 a
Food intake, day 3, g/day 13.5 ± 0.4 a 12.5 ± 0.4 a 12.6 ± 0.4 a
Serum, mmol/L
 Total cholesterol 9.93 ± 0.35 b 9.27 ± 0.21 b 8.27 ± 0.22 a
 HDL cholesterol (a) 0.80 ± 0.02 a 0.88 ± 0.04 ab 0.92 ± 0.04 b
 LDL + VLDL cholesterol (b) 9.13 ± 0.33 b 8.39 ± 0.23 b 7.35 ± 0.22 a
 Atherogenic index (b)/(a) 11.37 ± 0.28 c 9.75 ± 0.72 b 8.04 ± 0.42 a
Liver, μ mol/g liver
 Total lipid 150.7 ± 5.3 a 144.5 ± 4.8 a 136.9 ± 4.2 a
 Cholesterol 51.2 ± 1.2 a 47.3 ± 2.6 a 47.5 ± 1.4 a

ing a sequence encoding a signal for nuclear 
localization, since a GFP reporter fused to this 
sequence was found to be targeted to nuclei 
in a transient assay using onion epidermal 
cells. Transgenic seed expressing the 18-repeat 
novokinin exhibited significantly higher anti-
hypertensive activity after a single oral dose to 
SHR even at one-quarter the amount (0.25g/kg) 
of the transgenic rice seed expressing the fusion 
construct, though its novokinin content was 
much lower (1/5). Furthermore, in a long-term 
administration for 5 weeks, an even smaller dose 
(0.0625g/kg) of transgenic seeds could confer 
anti-hypertensive activity (Fig. 1). This high 
anti-hypertensive activity may be attributed to 
the unique intracellular localization and to differ-
ences in digestibility of expressed products by 
gastrointestinal enzymes. These results indicate 
that accumulation of novokinin as a tandemly 
repeated structure in transgenic rice is more 
effective than as a novokinin-glutelin fusion 
structure.

Production of functional human IL-10 in trans-
genic rice seed

A recombinant protein production system 
using transgenic rice grain offers many 
advantages in higher accumulation, long-term 
stability at room temperature, lower production 
cost, easy control of production scale and low 
risk of contamination by toxic materials. We 
generated transgenic rice plants in which the 
grains accumulated high levels of human IL-10 
cytokine which is known to suppress inflamma-
tory related immune responses. We investigated 
the method for extraction and purification of the 
functional IL-10 from mature rice seeds. It was 
shown that the biochemical cross-linking step 
is critical in preparing the IL-10 biologically ac-
tive non-covalent dimer form of IL-10. Efficient 
refolding and purification of IL-10 was achieved 
by determining the optimal parameters for 
each step. The purified IL-10 is composed only 
of non-covalent dimers and exhibits higher 
activity than commercial IL-10. The purified IL-
10 had very low endotoxin contamination and is 
expected to have broad clinical application.
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Fig. 1. Long term oral administration of transgenic rice seeds containing the 18-repeat novokinin to SHRs.

Oral administration was started from eighteen weeks after birth in SHRs. Powdered transgenic rice seeds 
accumulating 18-repeat novokinin was mixed to a feed at 0.0625% or 0.125% (w/w). * P < 0.05, **P < 0.01

Differences in transcriptional regulatory 
mechanisms functioning for free lysine con-
tent and seed storage protein accumulation in 
rice grain

Lysine is the most deficient essential amino 
acid in cereal grains. A bifunctional lysine 
degrading enzyme, lysine ketoglutarate reduc-
tase/saccharopine dehydrogenase (LKR/SDH), 
is one of the key regulators determining free 
lysine content in plants. In rice (Oryza sativa. 
L), a bifunctional OsLKR/SDH is predominant 
in seeds. Here, we show that OsLKR/SDH 
is directly regulated by major transcriptional 
regulators of seed storage protein (SSP) genes: 
the basic leucine zipper (bZIP) transcription 
factor (TF), RISBZ1, and the DNA-binding 
with one finger（DOF）transcription factor, 
RPBF. OsLKR/SDH was highly expressed 
in the aleurone and subaleurone layers of the 
endosperm (Fig. 2). Mutation analyses in planta, 
trans-activation reporter assays in vivo, and 
EMSA[Electrophoretic Mobility Shift Assay] in 
vitro showed that the RPBF-recognizing prola-
min box (AAAG) and the RISBZ1-recognizing 
GCN4 motif (TGAG/CTCA) act as important cis-
elements for proper expression of OsLKR/SDH-
like SSP genes. However, mutation of the GCN4 
motif within ProOsLKR/SDH did not alter the 
spatial expression pattern;whereas, mutation of 
the GCN4 motif within the ProGluB-1 did alter 

spatial expression. Reducing either RISBZ1 or 
RPBF decreased OsLKR/SDH levels and re-
sulted in an increase in free Lys content in rice 
grain. This result was in contrast with the fact 
that a significant reduction of SSP was observed 
only when these transcription factors were 
simultaneously reduced, suggesting that RISBZ1 
and RPBF regulate SSP genes and OsLKR/SDH 
with high and limited redundancy, respectively. 
The same combinations of TF and cis-elements 
are involved in the regulation of OsLKR/SDH 
and SSP genes, but there is a distinct difference 
in their regulation mechanisms.

Reducing rice seed storage protein accumu-
lation leads to changes in nutrient quality and 
storage organelle formation

Rice (Oryza sativa. L) seed storage proteins 
(SSPs) are synthesized and deposited in protein 
bodies (PB) in the endosperm tissue during seed 
maturation as a nitrogen source for germinating 
seedlings. We have generated glutelin, globulin 
and prolamin knock-down lines by a novel 
silencing system, and have examined their 
effects on seed quality. A reduction of one or a 
few SSP(s) was compensated for by increases 
in other SSPs at both the mRNA and protein 
levels. In particular, reduction of glutelins or 
sufur-rich 10kD prolamin levels was prefer-
entially compensated by sulfur-poor or other 
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sulfur-rich prolamins, respectively, indicating 
that sulfur-containing amino acids are involved 
in regulating SSP composition. Furthermore, a 
reduction in levels of 13kD prolamin resulted in 
enhancement of the total lysine content by 56% 
when compared to wild type. This observation 
can be mainly accounted for by the increase in 
lysine-rich proteins. Although reducing the level 
of glutelins slightly miniaturized protein storage 
vacuoles (PSV), the simultaneous reduction of 
glutelin and globulin levels altered the inner 
structure of PSV, implicating globulin in framing 
PSV formation. Knock-down of 13kD prolamins 
not only reduced the size of ER-derived 
protein bodies (PB), but also altered the rugged 
peripheral structure. In contrast, PB structure 
was little affected even by severe suppression 
of 10kD and 16kD prolamins, indicating that 
individual prolamins have distinct functions in 
the formation of PB. Extreme increase or severe 

decrease in sulfur-poor prolamins resulted in 
production of small PB, suggesting that the ratio 
of individual prolamins is crucial for proper 
aggregation and folding of prolamins (Fig. 3).

We showed the contribution of SSP composi-
tion to nutrient quality of rice grain and to 
storage organelle formation in rice endosperm 
by using various SSP knockdown lines. Our data 
also indicated the distinct roles of individual 
SSPs on storage organelle formation.

Rice seed ER-derived protein body as an ef-
ficient delivery for oral tolerogenic peptides

Mucosal delivery of peptide/protein therapeu-
tics via the oral route is a desirable strategy in 
human immunotherapy. A key step for enhanc-
ing the bioavailability of orally administered 
therapeutics is to protect them from enzymatic 
digestion in the gastrointestinal tract. Here, we 
generated transgenic rice seeds accumulat-

Fig. 2. OsLKR/SDH gene expression and protein accumulation level in wild type and knock-down lines of 
transcription factors in rice.

A, Quantitative RT-PCR analysis of OsLKR/SDH. Blue, red, yellow and green bars indicate the relative 
expression levels in wild type, KD-RISBZ1, KD-RPBF and KD-RISBZ1/KD-RPBF, respectively. Vertical bars 
indicate the standard deviation in triplicate assays. Statistical differences are indicated by different letters, 
using Tukey’s test (P<0.05). B, Immunoblot of OsLKR/SDH using anti-ZmLKR/SDH antibody. Numerals 
indicate the stages of seed development at 7, 14, 21 and 28 days after flowering.
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ing allergen-derived T cell epitopes, a model 
tolerogen for the control of pollen allergy, either 
in protein body type-I (PB-I) or in type-II (PB-
II). Compared with PB-II-localized or chemically-
synthesized forms, PB-I-localized T cell epitopes 
showed higher resistance to enzymatic digestion 
in simulated gastric fluid. Moreover, the dose of 
T-cell epitope required for suppression of aller-
gen-specific IgE in mice was about 20-fold lower 
when fed in PB-I localized form than when 
unprotected. These findings demonstrate the 
potential of bioencapsulation in PB-I for broad 
applications as a viable strategy to achieve ef-
ficient mucosal delivery of oral peptide/protein 
therapeutics.

Highly efficient Agrobacterium-mediated 
transformation of suspension-cultured cell 
clusters of rice (Oryza sativa L.) 

Development of a large-scale transformation 
procedure is essential for generating T-DNA 
insertion lines and FOX libraries and for gene 
targeting studies. Suspension cultures may be 
one of the best sources for producing a large 
number of transgenic cells; however, suspension-

cultured cell clusters have been reported to 
have low Agrobacterium-mediated transforma-
tion frequencies in rice. In this investigation, 
we found that rice calli produce an unidentified 
substance critical for Agrobacterium-mediated 
transformation of rice that is released in the 
liquid culture media. By co-cultivating 3-day old 
suspension-cultured cells with Agrobacterium on 
filter paper moistened with enriched N6 media 
containing suspension-cultured cell media, more 
than 104 stable transformants were routinely 
obtained from 1 g of suspension-cultured cell 
clusters. Transformation efficiency was about 
60-times higher than that obtained from calli co-
cultured in N6 media alone. Also, judging from 
the average weight of the cell clusters, using 
suspension-cultured cell clusters resulted in 
about 10-fold enhancement of the transformation 
efficiency compared with that of calli subcul-
tured on solid media. Our study represents the 
first use of rice suspension-cultured cell clusters 
co-cultivated with nurse medium resulting in 
high rates of Agrobacterium-mediated transfor-
mation in cell clusters of all sizes.

Fig. 3. Immunocytochemistry of protein bodies in wild type and transgenic plants.

A, wild type. B, Glu-less. C, GluB-less. D, GluB·Glb-less. E, 13kD Pro-less. F, 10kD Pro-less. G, 16kD Pro-
less. Magenta and green fluorescence indicate ER-derived protein body (rhodamin B-stained) and protein 
storage vacuole (anti-OsTIP3-immunostained), respectively. Bars = 2 µm.
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Transgenic Silkworm Research Center

Introduction
We have been constructing transgenic 

silkworms for gene-function analysis and new 
uses. The ability to produce protein in the 
domesticated silkworm, Bombyx mori, is very 
high since a large amount of silk protein is 
produced during the larval stage. In addition, 
extensive knowledge about silkworm science 
and technology has been accumulated in Japan 
for more than 100 years. About 10 years ago, 
our institute developed innovative methods 
for construction of transgenic silkworms for 
efficient production of useful materials. Based on 
the fundamental sciences, research using trans-
genic silkworm was thought to have very high 
potential for production of new materials as well 
as development of technology in a new field 
of agrobiological sciences. In the Transgenic 
Silkworm Research Center, we are developing 
new methods for the generation of transgenic 
silkworm through construction of new vectors 
and development of new marker genes. We are 
also developing systems that control expression 
of the introduced foreign genes, in addition to 
breeding silkworm strains for the production of 
useful recombinant proteins and new silk fibers.

Development of new transgenic markers 
by gene function analysis using transgenic 
silkworm and RNAi

Development of new marker genes is 
important for producing transgenic silkworms 
having several foreign genes and for strategies 
to obtain patents. Because the genome sequence 
of silkworm is now available, candidate genes 
responsible for silkworm mutants have been 
extensively studied by positional cloning. Some 
genes responsible for egg- and larval-color 
mutants could be good transgenic markers. We 
have been studying the functions of candidate 
genes using transgenic silkworms and RNAi 
methodology.

In the distinct oily (od) mutant silkworm, the 
larval integument is translucent because urate 
granules cannot be formed (Fig. 1). In contrast, 
larval integuments of normal silkworms are 
opaque because urate granules accumulate in 
the epidermis. Little was known about how uric 
acid accumulates as urate granules in epidermal 
cells. In collaboration with Tokyo University, we 
have found that the od mutant has a genomic 
deletion in the biogenesis of lysosome-related 
organelles complex1, subunit 2 (BmBLOS2). The 

Fig. 1

Fig. 1. Translucent integument of the distinct	oily	(od) mutant (Left).

(A) Control and (B) od	mutant. Larval phenotype of transgenic silkworms (Right). Larval integuments were 
dissected and photographed. (A) Control and (B) od	mutant. (C) and (D) were rescued by introducing wild-type 
BmBLOS2 gene to od	mutant.
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translucent phenotype was successfully rescued 
by germ-line transformation of the wild-type 
BmBLOS2 gene into the od mutant (Fig. 1). Our 
results suggest that BmBLOS2 is responsible 
for the od mutant phenotype and that it plays 
a crucial role in bio-genesis of urate granules in 
the larval epidermis of the silkworm.

We also examined the white gene, Bmwh3, in 
the B. mori Aojuku white-egg translucent mu-
tant (w-3) strain. Wild-type silkworms have dark 
brown eggs, opaque white larval integuments, 
and dark brown eyes. The w-3ol mutants have 
white eggs, translucent larval integuments, 
and light brown eyes. Transgenic expression 
of Bmwh3 in w-3ol mutant silkworms restored 
the morphology of the larval integument by 
increasing the uric acid content to near normal 
and partially restored the dark brown pheno-
type of the adult eye by slightly increasing the 
accumulation of ommochrome pigment. Eggs 
transgenically expressing Bmwh3 were brown/
white mosaics.

The white egg 2 (w-2) mutant has white 
eggs and eyes because of lack of ommochrome 
granules in the serosa and eyes. We found that 
the silkworm w-2 locus encodes an ortholog 
of Drosophila scarlet by positional cloning and 
dsRNAi through collaboration with Tokyo 
University. In w-2 mutants, the ORFs scarlet or-

tholog (Bm-w-2) were deleted. The white, scarlet 
and brown genes of Drosophila melanogaster en-
code three half-type ATP-binding cassette (ABC) 
transporters. Contrary to Drosophila, white (Bm-
w-3) and scarlet (Bm-w-2) were juxtaposed in a 
head-to-tail orientation in the silkworm genome, 
suggesting that white and scarlet originated as a 
tandem duplication of their ancestral transporter 
gene. We showed the functional conservation 
and diversification of half-type ABC transporter 
families in insects, which may contribute to 
their extremely diverse color patterns.

Wild-type neonatal larvae of the silkworm are 
completely black. By contrast, the epidermis and 
head of larvae of the homozygous recessive sex-
linked chocolate (sch) mutant are reddish brown. 
By positional cloning and expression analyses in 
collaboration with Insect Genome Research Unit 
and Tokyo University, the sch candidate gene 
was shown to be tyrosine hydroxylase (BmTh). 
In sch the 70-kb sequence was replaced with a 
Tc1-mariner type transposon located 6 kb up-
stream of BmTh, and in schl, a large fragment 
of an L1Bm retrotransposon was inserted just in 
front of the transcription start site of BmTh. In 
both cases, we observed a drastic reduction of 
BmTh expression. RNAi with BmTh prevented 
pigmentation and hatching and suppressed lar-
val pigmentation in the wild-type strain (Fig. 2).

Fig. 2. Functional analysis of the BmTh gene.

(A) RNAi effects on coloration in neonate larvae. Double-stranded RNA for EGFP (Top) or BmTh (Middle 
and Bottom) were injected into eggs. (B) Dose-dependent RNAi-induced suppression of targeted gene 
transcripts. EGFP-RNAi (EGFP) is shown as control.
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Targeted mutagenesis in the silkworm using 
zinc finger nuclease mRNA injection

 Targeted mutagenesis is one of the key 
methods for functional gene analysis .  A 
simplified variant of gene targeting uses direct 
microinjection of custom-designed Zinc Finger 

Nuclease (ZFN) mRNAs into Drosophila embry-
os. To evaluate the applicability of this method 
in another insect, we mutagenized the Bombyx 
mori epidermal color marker gene BmBLOS2, 
which controls the formation of uric acid gran-
ules in the larval epidermis and is responsible 

Fig. 4. Silkworms with germline mutations.

Germline mutations were detected in 1st and 2nd instar larvae by the presence of a complete oily phenotype 
as indicated by arrows (Top). Mutations by ZFN at target site of BmBLOS2 (Bottom).

Fig. 3. ZFN target site and silkworms with somatic mutations.

ZFN target site of BmBLOS2 gene (Top). Mutagenesis in epidermal cells of G0 silkworms was detected by 
screening for oily mosaics in 5th instar larvae (Bottom). Ventral side (Left), and dorsal side (Right).
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for the distinct oily (od) mutant (Fig. 1). Through 
collaboration with Silk-Material Research Unit, 
University of South Bohemia and University of 
Utah School of Medicine, our results revealed 
that ZFN mRNA injection is effective to induce 
somatic (Fig. 3) as well as germline mutations 
(Fig. 4) in a targeted gene by non-homologous 
end joining (NHEJ). The ZFN-induced NHEJ 
mutations lack end-filling and blunt ligation 
products, and mainly include 7 bp or longer 
deletions, as well as single nucleotide insertions 
(Fig. 4). The frequency of germline mutants in 
G1 was sufficient to be used for gene targeting 
that relied on screening based solely on molecu-
lar methods.

Construction of efficient binary gene expres-
sion systems for the production of recombi-
nant protein

A binary gene expression system using the 
yeast GAL4 DNA-binding protein and the up-
stream activating sequence (UAS) of galactose-
driven yeast genes is a powerful tool for the 
analysis of gene function and production of 
recombinant proteins. However, in the silkworm, 
this system has been limited in its utility by the 
relatively low transcriptional activation activity 
of GAL4 and by its toxicity. To improve the 
utility of the GAL4/UAS system, we investi-
gated the potential of several established GAL4 
variants (GAL4D, GAL4VP16, GAL4VPmad2, 
GAL4VPmad3, and GAL4NFkB) and two new 
GAL4 variants, GAL4Rel and GAL4Relish. 
Using GAL4VP16 and GAL4NFkB constructs, 
we have developed a very efficient GAL4/
UAS binary gene expression system for use 
in cultured B. mori cells and embryos and in 
transgenic silkworms. Also, in the collaboration 
with Kyushu University, we have constructed 
an efficient system for production of soluble pro-
tein by transgenic silkworms using cytoplasmic 
chaperones.

To ability to modify glycosylation in the 
silkworm is essential for construction of a 
system for recombinant protein production 
using transgenic silkworm. We cloned and 
characterized a β-N-acetylglucosaminidase 

(BmFDL) from silkworm in collaboration 
with Katakura Industries Co.,Ltd and Osaka 
University. Insects produce glycoproteins 
carrying paucimannosidic-type N-glycans, the 
terminal N-acetylglucosamine (GlcNAc) residue 
of which is cleaved by a GlcNAc-linkage specific 
β-N-acetylglucosaminidase, also known as the 
fused lobes (FDL) protein. We cloned Bombyx 
mori FDL (BmFDL) from silkworm larvae. The 
full-length cDNA encoded a protein of 633 amino 
acids with 42% amino acid sequence identity 
to Drosophila melanogaster FDL (DmFDL). 
Recombinant BmFDL cleaved GlcNAc residues 
from the α-1,3 branch of biantennary N-glycan. 
Microsomal FDL activity was inhibited by anti-
BmFDL antibodies.

Mass-rearing of transgenic silkworms
We succeeded to produce high quality recom-

binant silks such as fluorescent-colored silks and 
extremely fine silk using transgenic silkworms 
in 2008. This year, these strains of transgenic 
silkworms were reared on a large scale. In total, 
160 kg of transgenic cocoons were harvested 
and the raw silks were obtained from the 
cocoons. We found that the extremely fine silk 
has high whiteness with sufficient strength, and 
the silk is suitable for high-grade silk products 
(Fig. 5).

To realize the practical uses of transgenic 
silkworms, mass-rearing is absolutely necessary. 
Through coordination with NIAS a contract 
to establish a system of mass-rearing by a 
company and an institute of Gunma prefecture 
was concluded in November 2010 (Fig. 6). In 
December, IBL Co., Ltd rented a rearing room 
of Gunma Sericultural Technology Center and 
the rearing transgenic silkworms was commis-
sioned to “Maebashi agricultural cooperative for 
transgenic silkworm”, which was organized by 
some farmers (Fig. 7). Patented NIAS technolo-
gies were utilized in the mass-rearing process.

We also started to develop a business model 
for practical uses of transgenic silks in coopera-
tion with The Industry-Academia Collaboration 
Initiative (Non Profit Organization).
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Fig. 5. Extremely fine silk produced by a transgenic silkworm.

Raw silks (Left) from non-transgenic silkworm (Left and Middle), and transgenic silkworm (Right). 
Knit shawl with transgenic silk (Right): un-degummed (Upper part) and degummed (Bottom).

Fig. 6. Signing ceremony for commissioned-rearing of transgenic silkworms by farmers.

Fig. 7. Rearing transgenic silkworms by “Maebashi agricultural cooperative for transgenic silkworm” 
organized by the silk-raising farmers at Gunma prefecture.
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Transgenic Animal Research Center

Culture of testicular and ovarian gonocytes 
obtained from chicken embryos

Testicular gonocytes differentiate into 
spermatogonia and spermatogonial stem cells 
could be established by culturing spermatogonia 
in vitro. Spermatogonial stem cells differentiate 
exclusively into spermatozoa and thus they are 
very useful for genetic manipulation in chickens. 
Primordial germ cells entering the gonads dif-
ferentiate into gonocytes in 19-20 day incubated 
chicken embryos. At this stage, it is easy to ob-
tain gonads from developing embryos. The tes-
ticular gonocytes in chickens must contain stem 
cells, as has been reported for spermatogonial 
stem cells in the spermatogonia population in 
the mouse. However, this stem cell population is 
extremely small among all germ cells in the tes-
tis. For the use of genetic manipulation of these 
stem cells, it is essential to establish an in vitro 
method for culturing stem cells in gonocytes. 
The present study was, therefore, carried out 
to examine whether testicular gonocytes could 
be concentrated from somatic cells and also to 
determine the possibility of in vitro proliferation 
of testicular gonocytes in chickens.

Testicular gonocytes were collected as non-
adherent cells and cultured on feeder cells. 
Testicular gonocytes cultured for 14 days were 
fixed and then detected as CVH-positive cells. It 
was observed that many cultured testicular gono-
cytes were scattered on feeder cells, and that they 
occasionally formed cell colonies (Fig. 1). Some cell 
colonies were round and others formed prolonged 
clusters of cells. These colony-forming cells were 
strongly stained with anti-CVH antibody. The 
cultured testicular gonocytes were transferred to 
the recipient embryos to examine whether they 
can colonize to the recipient germline. When the 
cells were transferred to the coelomic epithelium 
that corresponds to the future gonadal region, 
they successfully entered the recipient gonads. 
The ability of the transferred testicular gonocytes 
cultured in vitro to give rise to functional gametes 
should be examined in a future study.

Fig. 1. Testicular gonocytes cultured for 14 days and 
stained with anti-CVH antibody.

Cultured testicular gonocytes occasionally formed round-
shaped colonies (A-C) or a prolonged shape (D-F). Bars 
indicate 20 μm.

Successful production and breeding of cloned 
pigs expressing human thrombomodulin in 
endothelial cells.

Coagulation control is one of the remaining 
critical issues for long-term xenograft survival. 
Human thrombomodulin (hTM) is expected to 
exhibit a beneficial effect on coagulation control, 
because hTM could (i) solve the problem of 
molecular incompatibility in protein C activation, 
(ii) exert a role as a physiological regulator, 
only when thrombin is formed, (iii) suppress 
direct prothrombinase activity and (iv) have 
anti-inflammatory properties. We attempted to 
produce cloned pigs expressing hTM. 

pCAGGS/hTM expression vector was trans-
fected into pig (Landrace/Yorkshire) fibroblasts. 
After puromycin selection for 7 days, surviving 
cells were stained with mouse anti-hTM 
antibody and FITC-labeled goat anti-mouse 
IgG antibody. hTM-expressing cells at high 
levels were collected by gating on fluorescence 
intensity and were used for nuclear transfer. 
After electroactivation and subsequent culture, 
the 1547 cleaved embryos were transferred to 7 
surrogate mother pigs. 
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One surrogate mother was pregnant and 
three cloned piglets were born. Two of three 
cloned piglets were confirmed to be transgenic 
and to express hTM by PCR (Fig. 2) and FACS 
analyses. The progeny of cloned pigs were 
successfully produced and showed no problems 
in growth rate or in sexual maturation. Aortic 
endothelial cells from cloned pigs (hTM-PAEC) 
were found to express hTM at levels compa-
rable to human umbilical vein endothelial cells. 
hTM-PAEC showed a significant level of activ-
ity protein C production, an increase in clotting 
time and suppression of thrombin formation. 
Immunohistochemical staining of kidney, liver 
and heart from hTM pigs demonstrated hTM 
expression in endothelial cells.

Reversible conversion of epithelial and mes-
enchymal phenotypes in SV40 large T antigen-
immortalized rat liver cell lines

Epithelial-to-mesenchymal transition (EMT) 
is a key process in the development of liver 
fibrosis. This process is also essential for liver 
morphogenesis in embryonic development. To 
study the cellular and molecular basis of EMT, 
we established two phenotypically different 
SV40 large T antigen-immortalized cell lines 
from rat hepatocytes. The first cell line, which 
had an epithelial morphology and was estab-
lished in DMEM/Ham’s F-12 (DF)-based medium 
(RL/DF cells), expressed cytokeratin 18 (CK18), 
a marker of parenchymal hepatocytes. The 
other, a mesenchymal-like cell line established 
in DMEM-based medium (RL/DMEM cells), 
expressed α-smooth muscle actin (αSMA), a 
marker of hepatic myofibroblasts. Epithelial 
RL/DF cells underwent phenotypic changes, 
such as increased expression of αSMA, when 
the culture medium was switched to DMEM-
based medium. In contrast, mesenchymal RL/
DMEM cells were induced to express epithelial 
marker CK18 with a concomitant decrease in 
SMA expression when the culture medium 

was replaced with DF-based medium. These cell 
lines may provide novel in vitro models for the 
study of the conversion between epithelial and 
mesenchymal phenotypes during EMT in liver 
fibrosis and morphogenesis (Fig. 3).

Fig. 3. Possible origins of SV40LT-immortalized rat liver cells.

Phenotypic conversion of the cells can be induced by switching the type of culture 
medium in a reversible manner.

Fig. 2. PCR analysis of hTM cloned pigs.

M: molecular weight markers, 264, 265 and 266: cloned 
pigs, N: wild type pig as a negative control, P: human 
umbilical vein endothelial cells as a positive control. 
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Development of a human corneal epithelium 
model utilizing a collagen vitrigel membrane 
and its advantages in analyzing eye irritant 
chemicals

By applying the concept of vitrification for 
heat-denatured protein gel to a conventional 
collagen gel, we developed a thin collagen 
vitrigel membrane composed of high density 
collagen fibrils equivalent to corneal Bowman’s 
membrane in vivo. We utilized such membranes 
as a scaffold on which HCE-T (a human corneal 
epithelium-derived cell line) cells formed a 
corneal epithelium model. On the other hand, 
the brief transepithelial electrical resistance 
(TEER) assay in vivo utilizing live rabbit 
corneas is known as a convenient method for 
quantitatively and continuously evaluating 
eye irritancy. In this study, we reconstructed 
such a human corneal epithelium model on the 
collagen vitrigel membrane scaffold prepared in 
a Millicell chamber appropriate for measuring 
TEER and investigated whether or not the 
exposure of chemicals to the model induced the 
time-dependent relative changes of TEER in 
response to the characteristic of each chemical 
within a few minutes. As a result, the decrease 
in TEER did not occur during the exposure to 
10% Tween 20 for 4 min; however, exposure to 
10% ethanol for more than 40 s induced a mild 

Fig. 4. Time-dependent relative changes of TEER after exposing chemicals to 
human corneal epithelium models.

Symbols in closed circle, open circle, closed square and open square indicate 0.2% 
sodium hydroxide, 10% ethanol, 10% Tween 20 and the mixture of 0.005% trypsin 
and 0.053 mM EDTA, respectively (n = 3).

decrease in TEER. In contrast, the exposure of 
0.2% sodium hydroxide or the mixture of 0.005% 
trypsin and 0.053 mM EDTA induced rapid 
and drastic decreases in TEER for 60 s or 20 
s, respectively (Fig. 4). These data suggest that 
the time-dependent relative changes of TEER 
are a useful indicator to assess ocular irritancy 
effects of chemicals even in the middle category 
(Takezawa et al., 2011).
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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 function. In addition, com-
parative genomics studies on wild rice species 
and grass family crops will be conducted with 
the aim of discovery and utilization of useful 
genes in rice, barley and Sorghum.

Bioinformatics Research Unit
The Unit aims to develop a new bioinformat-

ics platform 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 agro-
nomically important genes.

Soybean Genome Research Team
The Team aims to conduct genome research 

on soybean, a major source of protein and veg-
etable oil for animal and human nutrition, and 
to develop methods for isolation of useful genes 
and efficient breeding. The team started from 
June 2006.

Major topics in the Division in the fiscal year 
2010 are described as follows.
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Plant Genome Research Unit has constructed 
and analyzed various genomic resources from 
rice and other Gramineae species, such as 
barley, wheat, and sorghum. 

Relationship between symptoms and gene ex-
pression induced by rice dwarf virus infection

Rice dwarf virus (RDV) is the causal agent of 
rice dwarf disease, which often results in severe 
yield losses of rice in East Asian countries. The 
disease symptoms are stunted growth, chlorotic 
specks on leaves, and delayed and incomplete 
panicle exsertion. We analyzed the gene expres-
sion of rice in response to infection with three 
RDV strains using an oligonucleotide microarray 
to examine the relationship between symptom 
severity and gene responses. The numbers of 

differentially expressed genes (DEGs) upon in-
fection by RDV-O (the mildest symptoms), –D84, 
and –S (the most severe symptoms) was 1985, 
3782, and 6726, respectively, showing a correla-
tion between the number of DEGs and symptom 
severity (Fig. 1). Many DEGs were related to 
defense, stress response, and development and 
morphogenesis processes. 

It is suggested that disease severity by RDV 
strains is dependent on the difference in expres-
sion of various genes, which is in turn associated 
with RDV titer level and the variations in virus 
proteins among RDV strains. The interaction 
between host and virus proteins to determine 
the mechanisms of symptom development by 
RDV infection is being studied.

Plant Genome Research Unit

Fig. 1. Numbers of specific and common differentially expressed genes (DEGs) and hierarchical 
clustering of common DEGs among plants infected with three RDV strains.

A): Activated DEGs. B): Suppressed DEGs. Hierarchical clustering of common activated (C) and 
suppressed DEGs (D) by Pearson correlation. The numbers under the heat maps are the average log2 
ratios of common DEGs in plants infected with the respective RDV strains.
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and physiological strategies to adapt to phos-
phate (Pi) starvation (−P) or Pi over-abundance 
(++P). Studies of the complex regulatory mecha-
nisms at the molecular level whereby plants 
acclimate to nutritional Pi changes are of great 
importance.

Using Illumina’s mRNA-Seq technology, we 
identified rice genes associated with −P or ++P 
stress, including unannotated genes. Among 
them, we identified many “novel” transcripts 
(unannotated transcripts and RAP transcripts 
not supported by the Rice 44K microarray in 
which most probes are supported by FL-cDNAs) 
that extended our knowledge of rice genes 
expressed under −P and ++P stress conditions. 
One-third of unannotated transcripts shared 
homology to a variety of predicted proteins. 
The two-thirds of unannotated transcripts did 
not share homology to predicted proteins, sug-
gesting they may function specifically in Oryza 
sativa. Some of them may function as regulatory 
non-protein coding transcripts under Pi changes. 
These results show that mRNA-Seq is useful 
for structural and functional annotations of rice 
transcripts.

Our data from mRNA-seq could improve 
the entire rice gene set and gene structure by 
evidence-based annotation. We consider that 
performing a detailed functional analysis on 
such an accurate gene set and gene structure is 
of importance in plant biology.

Rice transcriptome analysis through com-
prehensive analysis using a next-generation 
sequencer

Massive parallel sequencing of mRNA (mRNA-
Seq) was performed to monitor overall mRNAs 
of salinity stress-treated rice tissues. Thirty-
six-base-pair reads from whole mRNAs were 
mapped to the rice genomic sequence: 72.0% to 
75.2% were mapped uniquely to the genome, 
and 5.0% to 5.7% bridged exons. From the piling 
up of short reads mapped on the genome, a se-
ries of programs (Bowtie, TopHat, and Cufflinks) 
comprehensively predicted 51,301(shoot) and 
54,491 (root) transcripts, including 2,795 (shoot) 
and 3,082 (root) transcripts currently unan-
notated in the Rice Annotation Project database 
(RAP-DB). A part of these results are depicted 
in Fig. 2. Of these unannotated transcripts, 
995 (shoot) and 1,052 (root) had ORFs similar 
to those encoding the amino acid sequences of 
functional proteins in a BLASTX search against 
UniProt and RefSeq databases. Among the 
unannotated genes, 213 (shoot) and 436 (root) 
were differentially expressed in response to 
salinity stress. Therefore, unannotated salinity 
stress-inducible transcripts were identified on 
the basis of the piling up of mapped reads with-
out reliance on gene annotation or full length-
cDNA sequences. Our findings will contribute 
to improvement of the RAP-DB and to further 
sequence-based gene expression profiling.

Plants have developed several morphological 

Fig. 2. Transcript prediction by Cufflinks program.

Graph indicates the average depth of reads from mRNA-Seq after salinity stress of the root. Exon models 
(Cufflinks transcripts) were predicted by the piling up of reads (graph) by the Cufflinks program. RAP 
representative loci (Representative), RAP predicted genes supported by ESTs (Pred. with EST) or not 
supported by ESTs (Pred. w/o EST), and full length-cDNA sequences (FL-cDNA) are shown. 
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domestication. Two of the major domestication 
events in barley were (i) the failure of the spike 
to disarticulate and (ii) the six-rowed spike. 
The former mutation increased grain yield by 
preventing grain loss after maturity, while the 
latter resulted in an up to 3-fold increase in yield 
potential. We summarize here the morphological 
changes of the inflorescence characteristics (Fig. 

The  Domest ica t ion  Syndrome Genes 
Responsible for the Major Changes in Plant 
Form in the Triticeae Crops

The process of crop domestication began 
about 10,000 years ago in the transition of early 
humans from hunter/gatherers to pastoralists/
farmers. Recent research has revealed the iden-
tity of some of the main genes responsible for 

Fig. 3. Spike variation among wild Hordeum species.

(A) Spontaneum barley develops a large central spikelet and two small lateral ones. (B) The large glumes of 
H. pusillum are the same size as its lemma. (C) In H. murinum, the two lateral spikelets are larger than the 
awned central spikelet. (D) In H. bulbosum, the lateral spikelets are larger than the unawned central one. cs, 
central spikelet; ls, lateral spikelet; gl, glume; pe, pedicel; aw, awn. Scale bar = 1 mm.

Fig. 4. The disarticulation system of Triticeae.

(A) A wedge-type spikelet of H. vulgare ssp. spontaneum var. proskowetzii Nábelek. (B) A barrel-type spikelet 
of Ae. tauschii. (C) A glume-type spikelet of H. bogdanii. (D) Spike architecture of H. bogdanii, showing three 
fertile spikelets per rachis node. (E) The disarticulation of the spike above the glume in H. bogdanii. (F) A 
close-up of the region marked by the red box in (E). Arrowheads show the point of disarticulation. ra, rachis; 
gl, glume; pe, pedicel. Scale bar = 1 mm.
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Positional cloning of a target leaf spot resis-
tance gene against Bipolaris sorghicola in 
sorghum

Sorghum is a C4 grass that is especially im-
portant as forage and as a human staple world 
wide, especially in the semiarid tropics because 
of its tolerance of hot and dry environments. 
It has recently been promoted for biomass 
production due to its rapid growth in summer 
in temperate zones. Target leaf spot is a disease 
of sorghum caused by a necrotrophic fungal 
pathogen, Drechslera sorghicola (now named 
Bipolaris sorghicola). This disease is one of the 
major sorghum diseases in southern Japan 
and is found all over the world, especially in 
humid areas. The lesions on infected leaves 
are commonly reddish purple (Fig. 5). Most of 
the cultivars grown in Japan are susceptible. 
We focused on a sorghum disease, target leaf 
spot,and tried to identify the resistance genes 
by gene mapping and positional cloning. The 
resistance to target leaf spot is controlled by 

3) and disarticulation systems (Fig. 4), along 
with the genes underlying these traits, found 
in the Triticeae tribe. The Vrs1 (HvHox1) gene 
encodes a homeodomain-leucine zipper (HD-Zip) 
transcription factor. We showed that the Vrs1 
gene evolved in the Poaceae via duplication, 
with a second copy of the gene, HvHox2, pres-
ent on the short arm of chromosome 2H. Micro-
collinearity and polypeptide sequences were 
both well conserved between HvHox2 and its 
Poaceae orthologs, but Vrs1 is unique to the 
barley tribe. The Vrs1 gene product lacks a 
motif which is conserved among the HvHox2 
orthologs. A phylogenetic analysis demonstrated 
that Vrs1 and HvHox2 must have diverged 
after the separation of Brachypodium distachyon 
from the Pooideae and suggests that Vrs1 
arose following the duplication of HvHox2, and 
acquired its new function during the evolution 
of the barley tribe. HvHox2 was expressed in all 
organs examined but Vrs1 was predominantly 
expressed in immature inflorescences.

Fig. 5. Symptoms of target leaf spot in sorghum.

Target leaf spot in sorghum, bmr-6 (right, enlarged).

Fig. 6. Schematic structure of ds1 gene. 
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a single recessive gene (ds1). We used F3-F5 
progeny from a cross between susceptible (bmr-
6) and resistant (SIL-05) sorghum cultivars and 
identified the ds1 gene by genetic mapping us-
ing sorghum SSR markers. This candidate gene 
encodes a receptor-like kinase with leucine-
rich repeats in its extracellular domain, which 
is a type of protein typically associated with 
plant disease (Fig. 6). Our results demonstrated 
that loss of function of the ds1 gene resulted in 
resistance to target leaf spot.
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Bioinformatics Research Unit

Comparative genome sequence analysis 
between African and Asian rice

African cultivated rice, Oryza glaberrima, is 
a species distinct from Asian cultivated rice, O. 

sativa. Using genome-wide sequencing data of 
O. glaberrima generated by our institute, we 
conducted comparative studies between these 
two species. Here we aimed to create a virtual 

Fig. 1. African rice annotation database, AfRicA DB.
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in O. glaberrima and two O. sativa cultivars 
(Nipponbare and 93-11). The program could 
identify 2,451 SSRs, 1,568 of which were variable 
in length in the three genomes. The number 
of SSRs was clearly smaller in the protein-
coding regions than in non-coding regions. In 
addition, triplet-type SSRs were predominant in 
the protein-coding regions. These observations 
are reasonably interpreted because frame-shift 
errors in the protein-coding regions should be 
harmful for protein functions, so that this type 
of insertion or deletion is avoided.

The sequences and related data obtained from 
our analysis are available at AfRicA DB (http://
green.dna.affrc.go.jp/Og/; Fig. 1). Annotations 
based on the O. sativa genome, SSRs and SNPs 
are displayed. Users can search the sequences 
by blast.

In-depth analysis of barley full-length cDNA 
sequences

Barley is one of the most important cereal 
crops worldwide. Here we show our sequence 
analysis of 24,783 barley full-length cDNAs 
(FLcDNAs) determined in our institute. The 

genome of O. glaberrima and to release a 
database from which researchers can efficiently 
retrieve the genome information.

All the sequence reads determined by the 
Sanger method were mapped to the O. sativa 
genome. As a result, ～ 18% of the genome was 
covered with O. glaberrima sequences. In this 
study, to precisely examine subtle differences 
between these closely related species, only the 
nucleotide sites that were supported by two or 
more reads were employed. The lineage-specific 
amino acid substitutions were counted in O. 
glaberrima and O. sativa, respectively, and their 
evolutionary rates were compared by Tajima’
s relative rate test. However, no significant dif-
ferences were observed in the rates of the two 
species. We further investigated the intensities 
of natural selection and found that the O. glaber-
rima lineage has possibly undergone relaxation 
of purifying selection. This might be due to a 
severe bottleneck effect during the domestica-
tion process of this species.

Since simple sequence repeats (SSRs) are 
useful for breeding based on molecular markers, 
SSRs were searched for by the SSRIT programs 

Fig. 2. Database for barley full-length cDNAs.
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Genome Resource Center

The Genome Resource Unit is involved 
in research activities aimed at developing, 
maintaining and providing access to biological 
resources and information in conjunction with 
various genome projects of the institute. 

Gene Expression Profiling 
As part of the MAFF-funded (Ministry of 

Agriculture, Forestry and Fisheries) project on 
Genomics for Agricultural Innovation, we have 
embarked on comprehensive analysis of the 
rice transcriptome by microarray analysis in 
order to determine when, where, and how each 
of the annotated genes in rice is expressed, the 
specificity of expression in terms of organ or 
tissue, the timing of expression at each point 
during the vegetative, reproductive or ripening 
stages, and other information that can be used 
in deciphering the actual function of all rice 
genes. This is part of the gene expression profil-
ing project that includes gene expression profil-
ing of rice under natural field conditions, gene 

expression profiling in response to treatment 
with various plant hormones, gene expression 
profiling under biotic and abiotic stress condi-
tions, and gene expression profiling of specific 
cell types using laser capture microdissection. 
The first sets of data were generated from 
spatiotemporal gene expression profiling of 
various tissues and organs at different stages of 
growth and continuous gene expression profil-
ing of leaves from transplanting to harvesting. 
A gene expression profile database (RiceXPro) 
has been constructed to provide access to all 
data generated from various analyses. With 
these functional genomics resources, we hope to 
contribute toward worldwide efforts of elucidat-
ing complex biological processes involved in the 
expression of many agronomic traits. 

Integration of rice genomics information via 
the Rice TOGO Browser

We have developed an integrated rice genom-
ics database, Rice TOGO Browser, to provide a 

FLcDNAs were compared with genome 
sequences of four closely related species so that 
barley-specific genes could be detected. We 
also provide a database that can be a basis for 
large-scale genome and transcriptome studies of 
barley in the future.

The newly sequenced FLcDNAs were 
combined with the FLcDNAs deposited in the 
international DNA databanks and redundant 
sequences were removed. Consequently we ob-
tained a 22,651 non-redundant FLcDNA data set 
that includes 17,773 novel sequences. The non-
redundant sequences were compared with the 
genes identified or predicted in rice, sorghum, 
maize and Brachypodium. It was found that 1,699 
barley FLcDNAs do not have any homologs in 
these four species. The functions of these pos-
sible barley-specific genes were computationally 
examined. Merely 263 of them possessed known 

functional motifs of proteins; many of them 
were relatively short genes. Biological functions 
of these genes should be examined precisely by 
future experiments.

The barley FLcDNAs will be a useful re-
source for future genomics and transcriptomics 
of barley. In particular, they can be applied for 
genome annotation; precise primary gene struc-
tures can be determined by aligning FLcDNAs 
to a genome. To exemplify the importance of 
FLcDNAs for annotation work, we mapped 
our FLcDNAs to 181 publicly available BAC 
sequences of barley. Transcribed regions were 
successfully detected in 131 BAC sequences. It 
is thus anticipated that the FLcDNAs will be 
useful for annotation of emerging genome se-
quences of barley and wheat. All the sequences 
described in this article are accessible at http://
barleyflc.dna.affrc.go.jp/hvdb/ (Fig. 2).
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Distribution of Genomics Resources
Biological resources derived from various 

MAFF-funded projects are being shared with 
the research community to promote research on 
applied and functional genomics. Requests for 
rice full-length cDNA clones at an average of 
350 per year and Tos17 insertion mutant lines 
at an average of 200 per year suggest the utility 
of these resources in rice research. Currently 
a total of 14 population sets representing 
backcross inbred lines (BIL), chromosome 
segment substitution lines (CSSL), and doubled-
haploid lines (DHL) have been successfully used 
in mapping of various rice QTLs, and are also 
being shared with the research community. The 
newly added populations include 42 chromosome 
segment substitution lines (CSSLs) developed 
from Koshihikari/IR64 F1 backcrossed with 
Koshihikari, 40 chromosome segment substitu-
tion lines (CSSLs) developed from Koshihikari/
IR64 F1 backcrossed with IR64, and 116 
recombinant inbred lines (RILs) developed from 
selfing of the F1 plants from a cross between 
rice varieties, IR64/Kinandang Patong.

platform for more efficient utilization of genome 
information from the point of view of applied 
genomics and functional genomics (Fig. 1). This 
database is an online public resource designed 
to facilitate integration and visualization of map-
ping data of BAC/PAC clones, genes, RFLP/
SSR markers, and phenotype data represented 
as QTLs onto the genome sequence. Various 
types of genome information can be integrated 
and used as a framework for comprehensive 
analysis of genes or target regions to facilitate 
more efficient forward genetics strategies. 
An additional feature of this database is the 
graphical viewer for BLAST search to reveal 
information not only for regions with significant 
sequence similarity but also for regions adjacent 
to those with similarity but with no-hit between 
sequences. Integration of various genomics 
information will further enhance the utility of 
the rice genome sequence and may provide 
substantial resources for developing novel strat-
egies that will complement traditional breeding 
methods with the advances in rice genomics.

Fig. 1. The Rice TOGO Browser.

With the proliferation of various types of data on rice genomics, an integrated database that can be used 
for structural, functional and applied aspects of rice research has become indispensable. The Rice TOGO 
Browser provides users from various fields of rice research with a user-friendly platform for extraction, 
visualization, and integration of rice genomics data.
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sources and biodiversity. Some research topics 
achieved in FY2010 are described below.

NIAS Genebank and partner institutions 
conserve 246,548 accessions of plant GRs (PGRs), 
27,553 accessions of microorganism GRs (MGRs), 
and 1,096 accessions of animal GRs (AGRs) in 
the Project (data on 30 November 2010). In 
FY2010, 7,997 accessions of PGRs, 1,597 acces-
sions of MGRs and 114 accessions of AGRs were 
distributed to domestic and/or foreign users for 
breeding, research and/or educational purposes. 
Up-to-date passport and evaluation data of dis-
tributable accessions have been uploaded onto 
and disclosed at the website (http://www.gene.
affrc.go.jp/).

Collaborative field survey of crops and their 
wild relatives genetic resources in Lao PDR

Under a Memorandum of Understanding 
between National Agriculture and Forestry 
Research Institute (NAFRI, Lao PDR) and 
National Institute of Agrobiological Sciences 
(NIAS, Japan), a field survey of crops and their 
wild relatives was conducted in Lao PDR. 
In 2010, northern regions of Lao PDR were 
surveyed and 6 domesticated species, Sorghum 
bicolor, Zea mays, Saccharum officinarum, 
Saccharum spp., Setaria italica and Eleusine 

Genebank

Genebank has responsibility for conserving 
genetic resources (GRs) for food and agriculture 
in Japan and facilitating their use under the 
jurisdiction of the Ministry of Agriculture, 
Forestry and Fisheries. It implements the 
NIAS Genebank Project as the “central-bank” 
and coordinates several “sub-banks” that are 
research institutes in the National Agriculture 
and Food Research Organization (NARO), 
the Japan International Research Center for 
Agricultural Sciences (JIRCAS), the National 
Center for Seeds and Seedlings (NCSS), the 
National Livestock Breeding Center (NLBC), and 
the National Institute for Agro-Environmental 
Science (NIAES). The major activities of 
Genebank are: 1) introduction, field survey and 
diversity studies; 2) characterization and evalua-
tion of GRs toward increased active collection; 3) 
development of genetic and breeding materials 
by using GRs; 4) durable preservation, quality 
control and improved multiplication and pres-
ervation methods; and 5) advanced information 
management and disclosure system to facilitate 
use of GRs. Genebank cooperates with and is 
strongly supported by Genome Resource Center 
and Genetic Resources Management Section in 
NIAS for implementing the Project and carries 
out research projects on relevant genetic re-

Fig. 1. Plants of Erianthus procerus found in Luang Namtha province, Lao PDR.
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species were also isolated and characterized. 
Comparison of coding sequences of the three 
Waxy genes and their waxy alleles indicated one 
base insertion (wx-ca: insert of T base in exon 
8) and a base substitution (wx-cr: a G-to-T base 
substitution in exon 10; wx-hy: a G-to-A base 
substitution in exon 6) which resulted in internal 
termination codons in the three Waxy genes, 
suggesting the involvement of a nonsense or 
frameshift mutation. Therefore, these different 
mutations in coding regions were considered 
to be the cause of the waxy (amylose-free) phe-
notype. Moreover, it is probable that the waxy 
strains originated independently from non-waxy 
strains in each of the three grain amaranths.

Phylogenetic Analyses and Taxonomic Re-
evaluation for the Correct Identification of 
Plant Pathogenic Fusarium Species, and 
Other Microorganisms Preserved at the NIAS 
Genebank

Correct identification and labeling of species 
names is an essential theme for the microbial ge-
netic resource collection. Molecular phylogenetic 
analyses and taxonomic re-evaluation of plant 
pathogenic Fusarium species, plant anthracnose 
fungi (Colletotrichum) and Agrobacterium 
strains preserved at the NIAS Genebank were 
performed. 

In FY 2010, about 600 strains of plant patho-
genic Fusarium species, including those in the 
former Section Arthrosporiella, were phyloge-
netically analyzed according to DNA sequences 

coracana were collected. Seven wild species, 
Saccharum spontaneous, Erianthus procerus, 
Erianthus arundinacerus, Erianthus longesetosus, 
Miscanthus floridulus, Sclerostachya fusca and 
Rhynchosia spp. were also found and collected 
(Fig. 1). A total of 100 accessions (20 domesti-
cated and 80 wild) were collected and conserved 
in the field at the Rice and Cash Crop Research 
Center, NAFRI, Ministry of Agriculture and 
Forestry, Vientiane, Lao PDR (Fig. 2).

Waxy loci of three grain amaranths
The sequences of waxy loci were determined 

in three grain amaranth species to understand 
of the genetic control of starch composition and 
the genetic relationships between non-waxy 
and waxy strains. The three genes encoding 
waxy protein were isolated from Amaranthus 
caudatus (Wx-ca), A. cruentus (Wx-cr), and A. 
hypochondriacus (Wx-hy). Sequence analysis 
indicated that the Wx-ca, Wx-cr, and Wx-hy 
genes contained the same exon (13 exons) and 
intron (12 introns) structure. The lengths of 
the Wx-ca, Wx-cr, and Wx-hy genes were 3,236, 
3,237, and 3,225 bp, respectively. The alignment 
of the coding sequence of the three Waxy genes 
showed 12 polymorphic sites, including 11 single 
nucleotide polymorphisms (SNPs) in 2 exons (10 
and 12) and 5 introns (1, 3, 4, 9 and 11), and 5 
insertions or deletions (indels) in 3 introns (4, 9 
and 11). In particular, major indels (8 and 3 bp) 
were located in intron 4. The mutations in the 
waxy alleles (wx-ca, wx-cr, and wx-hy) of the three 

Fig. 2. Preparation of planting materials (Saccharum and Erianthus genetic resources) for 
conservation in the field at the Rice and Cash Crop Research Center (Vientiane).
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were listed on the NIAS Genebank homepage 
as “Approved strains for distribution” together 
with their downloadable DNA sequence data 
obtained through the study (Fig. 5). 

Taxonomic re-examination of 170 strains with 

of the Histone H3 gene region to determine 
their species identification. As the result, 
taxonomic re-evaluation was completed for 85% 
of the ca. 1,600 distributable Fusarium strains in 
the NIAS Genebank. Selected Japanese strains 

Fig. 3. Three grain amaranths species.

Fig. 4. Schematic representation of Waxy gene structure and the major sequence polymorphisms in the 
three grain amaranths.

Boxes and lines represent exons and introns. A: Waxy gene structure and the positions of primers used 
for amplification. B: Waxy gene structure of A. caudatus. Dotted line, frameshift of exon 8 created by insert 
of T nucleotide in Wx-ca gene made TGA in wx-ca allele. C: Waxy gene structure of A. cruentus. Dotted 
line, base substitution of codon GAG in Wx-cr gene to TAG in wx-cr allele. D: Waxy gene structure of A. 
hypochondriacus. Dotted line, base substitution of codon TGG in Wx-hy gene to TGA in wx-hy allele.
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Fig. 5. Neighbor-joining (NJ) phylogenetic tree inferred from DNA sequences of the histone H3 gene region 
based on 78 Japanese strains of Fusarium, selected from the preserved collection at the NIAS Genebank.

Fifteen clades were recognized in relation to the former morphological sections within the genus. Some 
morphological sections were proven to be polyphyletic and taxonomically not acceptable. Instead of the 
morphological sections, “species complex” names are introduced as an alternative tentative category.
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between PRNP promoter polymorphism and 
bovine spongiform encephalopathy susceptibility 
in cattle. Here we provide a detailed compara-
tive analysis of the 23-bp promoter region, 12-
bp intron region, the octapeptide region and 
relevant PRNP polymorphisms for Asian native 
cattle populations, Japanese breeds, purebred 
mythun (Bos frontalis) and mythun × cattle 
composite population (MCC).

At the 23-bp indel site, a deletion (23-) allele 
was a major allele in all populations except in 
mythun (Fig. 6). At the 12-bp indel site, an inser-
tion (12+) allele was a major allele in all popula-
tions. The 14-bp indel site was polymorphic 
in all Asian native cattle, but not in Japanese 
breeds. In the octapeptide repeat region, a 
six-repeat allele was a major allele in all popula-
tions, and 5/5 and 4/6 genotypes were detected 
in Japanese Black and Mongolian cattle and 
in mythun, respectively. Two nonsynonymous 
SNPs (K3T and S154N) were detected in Asian 
native cattle and mythun, but not in Japanese 
breeds. Haplotype analysis using the genotypes 
of the six sites estimated 33 different haplotypes. 
Asian native populations had a higher number 
of haplotypes than the Japanese breeds. The ‘23-
12-K6S14+’ haplotype was common in all groups 
as a major haplotype in Japanese breeds and 
the Mongolian native population, and as a minor 
haplotype in other Asian native populations. 
These results are thought to be associated with 
differences in the genetic background between 
the populations.

the name, C. acutatum sensu lato, preserved in 
the NIAS Genebank, were carried out based 
on detailed morphological comparisons plus 
phylogenetic studies with sequences of the 
rDNA ITS region and the β-tubulin 2 gene. 
The strains were divided into 81 strains of C. 
fioriniae, 72 of C. simmondsii, 5 of the group A4 
(so-called “larger spored form”) and 12 of species 
that were not C. acutatum sensu lato. No strain 
was re-identified as C. acutatum sensu stricto.

Evaluation of ca. 200 strains of Agrobacterium 
stored at the NIAS Genebank are currently in 
progress by using a multiplex PCR technique 
for their plasmid profiling and species identifica-
tion. Bacterial spot disease of grapevine also 
was studied and its genetic differences from 
the causal pathogen of bacterial spot disease of 
stone fruit were elucidated. Mutant strains of 
Bacillus subtilis for genetic analysis or bacterial 
breeding for “natto” fermentation were created 
and were registered for free distribution.

To prepare a stable basis for species identifica-
tion of filamentous fungi preserved at the NIAS 
Genebank, DNA sequencing of the ribosomal 
DNA ITS region for 1,109 strains was started in 
FY 2010.

Genotyping of the six prion protein gene poly-
morphisms in the genus Bos 

Polymorphisms in prion protein gene (PRNP) 
are known to be associated with transmissible 
spongiform encephalopathies in humans, 
sheep and goats. There is tentative association 

Fig. 6. Schematic representation of six polymorphic sites in the bovine PRNP gene.
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the development of new technologies for plant 
breeding mainly utilizing gamma-ray and ion 
beam irradiation and development of mutant 
resources for genomic analysis, 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 national institutes of 
Ministry of Agriculture, Forestry and Fisheries.

Institute of Radiation Breeding

Research activities of the Institute of Radiation 
Breeding are focused on the development of 
new strains of seed-propagated species, veg-
etatively 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 for 
gamma-ray chronic irradiations to the growing 
plants, and Gamma Room for gamma-ray acute 
irradiations to seeds, bulbs, tubers, scions and in 
vitro materials. The Institute is also involved in 

Fig. 1. Leaves of the leaf color mutants of Japanese pear and the sections.

A.‘Osa Gold’ (original cultivar with dark green leaves), B. Yellow-green mutant, C. Variegated mutant with 
yellow-green margin, D. Variegated mutant with yellow-green center, E. A variegated leaf with yellow-green 
margin (d: dark green sector, l: light green sector, square: a twin sector), F. A twin sector: an enlargement in 
the square of Fig. 1 E, G. Dark green marginal sector, H. A yellow-green leaf with a small green sector (square: 
a small green sector), I. A small green sector in the square of Fig. 1 H, J-N: Microscopic photographs of cross 
sections of leaves of the mutants and the origin, J. ‘Osa Gold’(original cultivars), K. Yellow-green mutant, L. 
Dark green sector of the variegated mutant with yellow-green margin, M. Light green sector of the variegated 
mutant with yellow-green margin, N. Yellow green sector of the variegated mutant with yellow-green center (ue: 
upper epidermis, p: palisaded parenchyma, s: sponge parenchyma le: lower epidermis. The black, blue and 
orange bars mean 1 cm, 1 mm and 0.05 mm, respectively).
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These findings showed that the variegated 
mutant was apparently unstable; however, shoot 
apical meristem (SAM) structure in the yellow-
green variegated shoots was also stable and the 
development of the cells originated from L2 and 
L3 layers were different depending upon leaves. 
The formation of twin sectors on the yellow-
green region of both the yellow-green and var-
iegated leaveps (Fig. 1F), results of microscopic 
observations (Fig. 1J-N) and segregation of phe-
notypes of cross pollinated seedlings (data not 
shown) indicated that the leaf-color mutant was 
heterozygous and expressed as a semi-dominant 
gene. Furthermore, mutant cells in the SAM of 
the variegated shoot occupied the L2 layer.

Character of the Leaf Color Mutant of 
Japanese Pear (Pyrus pyrifolia (Burm. f.) 
Nakai) found in Gamma Ray Irradiation Field

A shoot with a leaf color mutation in a 
Japanese pear (‘Osa-Gold’) was found among 
trees treated by chronic gamma-ray irradiation. 
Seven nurseries raising plants from the mutated 
specimens were surveyed in 2004 and 2009. In 
2004, shoots with yellow-green leaves and with 
yellow-green margin variegated leaves were 
observed (Fig.1B-C). Comparisons of observation 
in 2004 and 2009 showed that the yellow-green 
mutant was stable and five types of shoots 
sprouted from the branches with variegated 
leaves in 2004 were also observed in 2009. 

Soybean Genome Research Team

Soybean [Glycine max (L.) Merrill] is one of 
the most important legumes and is the fourth 
largest grain crop after rice, wheat and maize 
in terms of world crop production. Soybean is a 
staple source of nutritious vegetable protein and 
oil for humans and livestock. Additionally, it pro-
vides industrial materials and biofuel. In Japan, 
soybean is an important source of traditional 
foods such as tofu, miso, natto, and soy sauce. In 
2007, we launched the soybean genome research 
program to characterize the genome structure 
of Japanese (domestic) soybean and to develop 
new strategies for effective breeding and for 
the isolation of agronomically important genes. 
The most serious problems in Japanese soybean 
production are unstable and low yield abilities. 
To overcome the problems, many agronomic 
traits including flooding tolerance, disease and 
pest resistance, low temperature tolerance, 
symbiotic ability and regional adaptability 
through maturity control should be improved. 
Information of molecular markers linked to 
these traits and identification of the responsible 
genes are essential for soybean improvement.

The sequenced genome size of soybean is 950 
Mb. To develop the basic research resources for 
whole genome analysis and domestic soybean 

breeding, we have sequenced the entire genome 
of a Japanese soybean cultivar ‘Enrei’ with a 
next-generation sequencer, Roche/454 GS-FLX 
Titanium. After sequencing and assembling 
the whole genome shotgun sequence data, we 
obtained an ‘Enrei’ data set with about 800 Mb 
total bases and 221,674 contigs with an average 
size is 3.6 kb. This sequence has a high quality 
score for each nucleotide, so it is appropriate to 
use in searching for differences in single nucleo-
tide polymorphisms and insertions/deletions 
between genomes of ‘Williams 82’ and ‘Enrei’. 
These sequence data, the derived SNPs and In/
Dels, and additional data will be installed into 
the previously reported DaizuBase. DaizuBase 
includes ‘Unified map’, which indicates the 
relationship between the linkage map and the 
physical map, and ‘Gbrowse’, which exhibits 
aligned Enrei-BAC clones on the Glyma 1 
assembly, and facilitates comparative genome 
analyses. It will show ‘Enrei’ draft genome 
sequence data. Next, we attempted to develop 
a method for comparative analysis among 
domestic soybeans. The fragmented DNAs pre-
pared from domestic soybean were hybridized 
with synthetic oligonucleotides designed from 
end-sequences of mapped Enrei-BAC clones 
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Fig. 1. Mapping example of a captured sequence on soybean genome.

This figure shows Gbrowse of DaizuBase and alignment patterns between captured sequence and BAC 
end sequence.

Fig. 2. Representative genotyping and mapping of eight SSR marker loci on soybean chromosome 5 (linkage 
group A1).

A: Multiplex PCR analysis of the eight SSR marker loci with primer sets labeled with four different 
fluorophores (blue, green, yellow, and red indicate 6-FAM, VIC, NED, and PET, respectively). The separation 
and detection of PCR products corresponding to alleles of the eight marker loci with a fluorescence-based 
sequencer and GeneMapper 4.0 software are shown. B: Genetic linkage map constructed with MAPMAKER/
EXP 3.0b for the eight SSR marker loci and the 94 F2 individuals derived from a cross between JP-36121 (wild 
accession) and Ibarakimame 7 (cultivar).
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sions consisted of 832 Japanese landraces, 109 
old Japanese varieties which were bred before 
the 1950’s, 57 recent Japanese varieties, 341 
landraces from 16 Asian countries and 264 wild 
soybean accessions. Although gene diversity of 
Japanese soybean germplasm was slightly lower 
than that from exotic soybean germplasm, anal-
yses for population differentiation and clustering 
indicated a clear genetic differentiation among 
Japanese cultivars, exotic cultivars, and wild 
accessions (Fig. 3). Accessions originating from 
different geographic regions were separated to 
a certain extent into groups corresponding to 
their agro-morphologic characteristics such as 
photosensitivity and seed characteristics rather 
than their geographical origin. Based on the 
assessment of the SNP markers and several 
agro-morphologic traits, a number of accessions 
were selected by using a heuristic approach 
to retain gene diversity of the whole collection 
and several soybean sets of different sizes were 
developed. A minimum of 12 accessions can rep-
resent the observed gene diversity and a mini-
core collection of 96 accessions can represent 
a major proportion of both geographic origin 
and agro-morphologic trait variation. These 
collections will provide an effective platform for 
enhancing soybean diversity studies and assist 
in finding novel traits for soybean improvement.

Flowering represents the transition from 
the vegetative to reproductive phase in plants. 
Various external cues, for example photoperiod 
and temperature, are known to initiate plant 
flowering under the appropriate seasonal condi-
tions. Of these cues, photoperiod sensitivity is 
one of the important keys that enable crops to 
adapt to a wide range of latitudes. In soybean, 
several maturity genes designated as E genes 
have been identified. Out of these maturity 
genes, one flowering quantitative trait locus, 
FT2, corresponding to the maturity locus E2, 
was detected in recombinant inbred lines (RIL) 
derived from cultivars ‘Misuzudaizu’ (e2/e2) 
and ‘Moshidou Gong 503’ (E2/E2). A map-based 
cloning strategy using the progeny of a residual 
heterozygous line (RHL), showing a simple 
segregation pattern for a target QTL, was 
employed to isolate the gene responsible for this 
QTL. A fine mapping experiment based on one 

by the NimbleGen sequence capture method. 
Hybridized DNA was recovered and sequenced 
with Roche/454 GS-FLX Titanium. To validate 
this method, sequenced data were assembled 
and mapped by Blast searches of DaizuBase. 
Captured sequences corresponded well to the 
original BAC sequences (Fig. 1), suggesting that 
this method is suitable for genome-wide analysis 
of target regions in domestic soybeans.

Among commonly applied molecular markers 
in soybean, simple sequence repeats (SSRs, or 
microsatellites) possess some advantages such 
as a high level of polymorphism and codominant 
pattern of inheritance at individual loci. To 
facilitate systematic and rapid genetic mapping 
in soybean, we designed a genotyping panel 
comprised of 304 SSR markers selected for 
allelic diversity and chromosomal location so as 
to provide wide coverage of the entire genome. 
Most primer pairs for the markers in the panel 
were redesigned to yield amplicons of 80 to 600 
bp in multiplex PCR and fluorescence-based 
sequencer analysis, and they were labeled with 
one of four different fluorescent dyes (Fig. 2). 
Multiplex PCR with sets of six to eight primer 
pairs per reaction generated allelic data for 283 
of the 304 SSR loci in three different mapping 
populations, with the loci mapping to the same 
positions as previously determined. Four SSRs 
on each chromosome were analyzed for allelic 
diversity in 87 diverse soybean germplasms 
with four-plex PCR. The total of 80 loci showed 
an average allele number and polymorphic 
information content value of 14.8 and 0.78, 
respectively. The high level of polymorphism, 
ease of analysis, and high accuracy of the SSR 
genotyping panel should render it widely appli-
cable to soybean genetics and marker assisted 
breeding.

To enhance the use of unexploited soybean 
germplasm in the NIAS Genebank for breeding 
and diversity research, mini core collections 
of Japanese and exotic soybeans have been 
identified in collaboration with the Biodiversity 
Research Unit. The genetic variation and 
population structure among 1603 soybean 
accessions were characterized using 191 SNP 
markers, which revealed high gene diversity 
among Japanese soybeans. The soybean acces-
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Fig. 3. A neighbor-joining phylogenetic tree of 1,603 accessions, Japanese (n=998) and 
exotic cultivated soybeans (n=341), Japanese (n=74) and exotic wild soybeans (n=190).
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RHL containing 888 plants showed that the E2 
locus was delimited in a single BAC clone cover-
ing a 94-Kbp region on chromosome 10 (Gm10). 
In this physical region, a GIGANTEA ortholog, 
GmGIa (Glyma10g36600), was identified as a 
candidate gene. Phylogenic analysis showed 
that soybean GI proteins displayed a high level 
of similarity (71% to 91%) to GI proteins from 
dicots and monocots. The comparison of donors 
for dominant and recessive alleles indicates a 
common premature stop codon at the tenth 
exon was present in the Misuzudaizu allele and 
in other NILs originating from ‘Harosoy’ (e2/e2). 

Fig. 4. Early flowering phenotype observed in the mutant line.

In the early flowering ft2 (e2) allele, a single nucleotide substitution causing a premature stop 
codon was discovered in the tenth exon. The mutant line, harboring a nucleotide deletion 
in the same exon as the ft2 allele, had a truncated GI protein which similarly caused the 
early flowering phenotype under natural day-length conditions. Average values of flowering 
phenotypes of wild type (Bay) and mutant (Bay-mut) are shown and the difference of these 
two lines is shown by picture.

Furthermore, a mutant line harboring another 
premature stop codon showed an earlier flower-
ing phenotype than the original variety, ‘Bay’ 
(E2/E2). The e2/e2 genotype exhibited elevated 
expression of GmFT2a, one of the florigen 
genes that lead to early flowering. The effects 
of the E2 gene on flowering time were similar 
among NILs (4.0-5.0 days) and stable under high 
(43oN) and middle (36oN) latitudinal regions in 
Japan. These results indicate that GmGIa is the 
gene responsible for the E2 locus and that a 
null mutation in GmGIa may contribute to the 
geographic adaptation of soybean.
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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 destruc-
tions as a result of human activities causing 
unprecedented global warming. Plants grow in 
contact with various microorganisms, some of 
which act as pathogens and cause a drastic loss 
of yields. For a stable food supply, 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. Development of basic 
technologies that should lead to improved crop 
productivity is also under way by understand-
ing and utilizing diverse potentials of plants. 
Each research unit is engaged in the research 
described below.

Environmental Stress Research Unit studies 
mechanisms of plants to withstand environmen-
tal stresses such as low temperatures, high salt, 
and drought to develop strategies for improving 
crop stress tolerance.

Photobiology and Photosynthesis Research 
Unit studies mechanisms involved in photo-
synthesis 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 ana-
lyzes various disease resistance genes, including 
those involved in rice-blast field resistance, and 
their functions to utilize them for improving 
disease resistance of rice.

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 -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.

Plant Genetic Engineering Research Unit 
aims to develop new methods for further im-
provement of the safeness of the GM crops and 
strategies leading to optimal regulation of the 
expression of introduced genes.

The major research topics in fiscal 2010 are 
described in the following pages.
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Environmental Stress Research Unit

Abiotic stresses such as high salts, high 
humidity, and drought are key factors for 
agricultural productivity. Plants potentially have 
various strategies to acclimate to environmental 
changes and attain optimal growth. To improve 
crop yields under different environmental 
stresses, we are searching for genes that confer 
stress tolerance. Here we report major achieve-
ments in the 2010 fiscal year.

Selection of genes related to salt tolerance 
using the rice FOX hunting system

High levels of salinity in the soil cause serious 
problems for world food production. Rice (Oryza 
sativa L.) has some mechanisms for protection 
against salt stress, but is not sufficiently toler-
ant. We are trying to isolate genes participating 
in salt tolerance in rice and to reinforce their 
function for tolerance improvement. The genes 
for salt tolerance in rice were selected by the 
rice FOX (Full-length cDNA overexpressor 
gene) hunting system. We selected three salt-
tolerant lines from the FOX lines by short-term 
treatment with 120 mM NaCl for 12-day-old 
plants. We also selected ten salt-tolerant lines 
by long-term treatment with 100 mM NaCl for 
1-month-old plants. The three salt-tolerant FOX 
lines identified in the short-term treatments also 
were grown in the presence of 250 mM man-

nitol as an osmotic stress treatment to mimic 
drought stress. Seedling growth of two control 
lines was severely inhibited; whereas, that of 
the FOX lines treated with osmotic stress was 
improved relative to that of the control lines, 
suggesting that the selected FOX lines are able 
to survive both salt stress and osmotic stress.

Mapping of the pre-harvest sprouting resis-
tance gene, Sdr7, from Habataki

Pre-harvest sprouting resistance is one of 
the important agronomic traits, since the pre-
harvest sprouting reduces the quality of grain, 
especially in wheat. Our goal is to isolate resis-
tance genes from rice and to use these genes 
for improvement of wheat. In order to isolate 
a rice pre-harvest sprouting resistance gene, 
namely Seed dormancy 7 (Sdr7), we attempted 
to delimit the candidate region by using a 
genetic approach. We focused on recombination 
occurring in the region from RM5931 to RM3411 
on the long arm of chromosome 1 where Sdr7 
was located (Fig. 1A). Plants were selected from 
advanced progenies and the germination rates 
of these plants were examined. The genotypes 
and germination rates of 10 lines showed that 
Sdr7 was located in a 227-kb interval between 
Insertion/Deletion markers 4 (IND4) and 9 
(IND9) (Fig. 1B). From 4,600 plants, we have 

Fig. 1. Fine mapping of the Sdr7 locus.
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obtained 18 plants exhibiting recombination in 
the 227-kb region. This improves the likelihood 
of delimiting the candidate gene region.

Application of Dro1, a QTL for deeper rooting, 
on drought resistance

Drought is the most serious abiotic stress that 
limits crop production under rain-fed conditions. 
In particular, lowland rice, which is generally 
grown under flooded conditions, is susceptible 
to drought stress owing to its shallow root 
distribution and its limited capacity to extract 
water from deep soil layers. Global warming 
and increasing desertification in recent years 
cause serious drought damage to the rice-
growing areas of many developing countries in 
which farming relies on precipitation but not 
on irrigation. Therefore, breeding of lowland 
rice with drought resistance is becoming a very 
important research topic. In an attempt to intro-
duce drought resistance into lowland rice, we 
paid attention to the fact that upland rice shows 
deeper rooting than lowland rice. The deep root 
system in upland rice may contribute greatly to 
its drought resistance through enhanced water 
uptake. Therefore, introducing the deep rooting 
characteristic of upland rice into lowland rice 
cultivars may be one of the ways to improve 
their drought resistance. Using mapping 

populations derived from a cross between the 
lowland cultivar IR64, with shallow rooting and 
susceptibility to drought stress, and the upland 
cultivar Kinandang Patong (KP), with deep 
rooting, we identified a deep rooting QTL, Dro1 
(Deeper rooting 1), on chromosome 9. To clarify 
the influence of Dro1 on drought resistance in 
an upland field, we developed a near-isogenic 
line of Dro1 (Dro1-NIL) with the genetic back-
ground of IR64. Dro1-NIL and IR64 were grown 
in an upland field irrigated until around 90 days 
after sowing. Then, we stopped irrigating until 
heading time. Thirty days after drought stress 
was imposed, IR64 showed leaf-rolling and no 
heading, while most of the Dro1-NIL plants 
showed heading and no leaf-rolling (Fig. 2). After 
heading, plants were irrigated until harvest. We 
measured shoot and yield traits of both lines. 
As a result, the filled-seed weight of Dro1-NIL 
was almost 5 times higher than that of IR64 
although the shoot dry weight of Dro1-NIL was 
not significantly different from that of IR64. 
These results suggest that Dro1 contributed 
to drought resistance in the field. Dro1 can po-
tentially be used to improve drought resistance 
of rice by changing its rooting pattern from a 
shallow system to a deep one. We are currently 
in the process of map-based cloning of Dro1.

Fig. 2. Conditions of rice plants at 30 days after drought-stress treatment.
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Photobiology and Photosynthesis Research Unit

Plants utilize light as an energy source and 
also as external signals for monitoring changes 
in the environment. We are investigating 
regulation mechanisms of photosynthesis, me-
tabolism and translocation, as well as molecular 
mechanisms of perception and transmission 
of light signals and the resultant responses of 
plants. We aim to develop innovative techniques 
for improved productivity, more efficient light 
utilization, and custom modification of growth 
and architecture of plants.

Cryptochrome and phytochrome indepen-
dently but cooperatively repress leaf sheath 
elongation through reduction of active gib-
berellin content in rice seedlings

In modern cultivation of rice plants, formation 
of compact and sturdy seedlings is crucial not 
only for robust growth but also for abundant 
harvest per unit area. The shape of seedlings 
is influenced by various environmental signals, 
such as temperature, seeding density, soil 
moisture and light. Among these factors, a blue 
light signal plays an important role in repress-
ing elongation of seedling leaves. To control leaf 
length, fine regulation of the active gibberellin 
(GA) content seems to be critical. However, 
details of photoregulation of GA metabolism are 
largely unknown in rice plants. To understand 
the mechanisms of blue-light repression of leaf 
elongation, we examined effects of the blue light 
signal on the active GA content and expression 
of GA-related genes in rice seedlings. We used 
the leaf sheath length as a measure of leaf 
elongation, since blue light effects on elongation 
were more reproducibly quantified in leaf 
sheaths than leaf blades.

When dark-grown seedlings were exposed to 
blue light irradiation, the light signal triggered 
reduction of the active GA content. Although 
the blue light irradiation only transiently de-
creased expression of OsGA20ox-2 and -4 genes 
that encode a key enzyme for GA biosynthesis, 
it rapidly induced expression of OsGA2ox-4, -5, 

-6 and -7 genes, whose products are involved in 
inactivation of GA. To identify photoreceptors 
involved in the transcriptional regulation of the 
GA-related genes, we examined effects of blue 
light on gene expression in a series of transgenic 
lines/mutants deficient in photoreceptors. These 
analyses revealed that cry1-type cryptochrome, 
consisting of two molecular species in rice 
plants, cry1a and cry1b, is indispensable for the 
robust induction of the OsGA2ox genes, while 
the repression of the OsGA20ox genes was not 
affected in the cry1- and cry2-deficient lines. To 
our surprise, the repression of the OsGA20ox 
genes was diminished in phytochrome B (phyB) 
mutants, indicating that the blue-light responses 
of these genes are mediated by phyB rather 
than cryptochromes. Analyses of gene expres-
sion under red light irradiation confirmed that 
phyB is involved in the repression of OsGA20ox 
genes.

These results suggest that cry1 and phyB 
independently regulate expression of different 
sets of the GA-related genes, but both act coop-
eratively to reduce the active GA content and 
thereby repress leaf sheath elongation in rice 
seedlings (Fig. 1). This pathway design, which 
slightly differs from that of Arabidopsis, likely 
ensures the light responses of gene expression 
to promote formation of compact and sturdy 
seedlings in rice plants.

An ethylene-responsive element binding pro-
tein gene, EBL1, is involved in upregulation of 
ACO1 in rice 

1-aminocyclopropane-1-carboxylate (ACC) oxi-
dase (EC 1.14.17.4) catalyzes the final step of eth-
ylene biosynthesis, in which the ACC precursor 
is converted to ethylene. We have previously 
shown that one of ACC oxidase genes, ACO1, 
plays a role in regulating internode elongation 
at the heading stage in rice. We also found that 
ACO1 has a binding site for ethylene-responsive 
element binding proteins/factors (EREBPs/
ERFs) in its 5’-flanking region that has the 
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Fig. 2. Changes in ACO1 expression and internode elongation by RNAi suppression of EBL1 expression.

(A) EBL1 and ACO1 expression in leaf blades of wild-type (WT) and five independent lines of EBL1 RNAi 
plants (EBL1Ri). RT-PCR amplification of RUBQ2 was performed as a loading control. (B) Comparison 
of elongated internodes between wild-type and EBL1 RNAi plants. I through III indicate the first to third 
internodes, respectively. (C) Comparison of panicles between wild-type and EBL1 RNAi plants. Arrowheads 
indicate panicle nodes.

promoter activity. To understand the function of 
EREBPs in the regulation of ACO1 expression, 
we investigated the effects of an OsEREBP1-
like gene, EBL1 (OsEREBP1-LIKE 1), using 
RNA interference (RNAi) transgenic rice plants. 
It was found that the RNAi suppression of 
EBL1 expression largely downregulated ACO1 
expression (Fig. 2A). In accordance with the 
suppressed expression of ACO1, elongation of 
the uppermost (first) and second internodes 
were largely suppressed in the RNAi lines (Fig. 
2B), although the total plant length became 
slightly shorter than that of wild-types. As a 
result of the repressed elongation of the up-
permost internode, panicles remained enclosed 
with the flag leaf even after full development in 
the RNAi plants (Fig. 2C). These results indicate 
that EBL1 is involved in ACO1 upregulation. 

Fig. 1. Schematic drawing of a current model for the 
photoregulation of leaf sheath elongation through GA 
metabolic regulation in rice seedlings.



66 Annual Report 2011

Plant Disease Resistance Research Unit

Role of OsNPR1 in rice defense program as 
revealed by genome-wide expression analysis

Systemic acquired resistance (SAR) is a well-
studied, induced defense response in plants 
and the salicylic acid (SA)-mediated defense 
signaling pathway (SA pathway) plays a crucial 
role in SAR. NPR1 is a central regulator of 
the SA pathway in Arabidopsis. We have 
previously reported that rice has an NPR1 
ortholog (OsNPR1) and the SA pathway in rice 
branches into WRKY45-dependent and OsNPR1-
dependent subpathways. Here, we functionally 
characterized OsNPR1, focusing on its role in 
blast disease resistance and identification of 
OsNPR1-regulated genes (Sugano et al., 2010). 
Blast resistance tests using OsNPR1 knockdown 
and overexpressing rice lines demonstrated 
that OsNPR1 is essential for benzothiadiazole 
(BTH)-induced blast resistance. Genome-wide 
transcript profiling using OsNPR1-knockdown 
lines revealed that 358 genes out of 1,228 BTH-
upregulated genes and 724 genes out of 1,069 
BTH-downregulated genes were OsNPR1-
dependent with respect to BTH responsiveness, 
thereby indicating that OsNPR1 plays a more 

vital role in gene downregulation. The OsNPR1-
dependently downregulated genes included 
many of those involved in photosynthesis and 
in chloroplast translation and transcription. 
Reduction of photosynthetic activity after BTH 
treatment and its negation by OsNPR1 knock-
down were indeed reflected in the changes in 
Fv/Fm values in leaves (Fig. 1). These results 
imply the role of OsNPR1 in the reallocation of 
energy and resources during defense responses. 
This contrasts with the role of rice WRKY45 
that mainly upregulates defense genes and 
further supports the branched SA pathway in 
rice.

A novel protein kinase cascade is involved in 
OsPti1a-mediated defense signaling in rice. 

OsPti1a negatively regulates both basal 
resistance and R-gene-mediated resistance in 
rice. To investigate the regulatory component 
involved in OsPti1a-mediated defense signaling, 
we searched for proteins that interact with 
OsPti1a using a yeast two-hybrid system. One 
of the OsPti1a-interacting proteins identified 
was OsOxi1, which belongs to an AGC kinase 

Fig. 1. Effects of BTH and OsNPR1 knockdown on leaf maximum PSII quantum yield (Fv/Fm).

The Fv/Fm values after BTH (closed circles) and mock (open circles) treatments were expressed as relative 
to those measured before the treatments. Fv/Fm values on day 0 (i.e., before treatments) were 0.810 ± 0.004 
(mean ± S.E., n = 4) and 0.810 ± 0.005 for mock and BTH-treated wild type, respectively. The values were 
0.812 ± 0.007 (control) and 0.818 ± 0.003 (BTH) in OsNPR1-kd #7, and 0.810 ± 0.004 (mock) and 0.799 ± 
0.006 (BTH) in OsNPR1-kd #14.
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family and directly phosphorylates OsPti1a in 
vitro. Expression of OsOxi1 gene was tightly 
regulated temporally and spatially by reactive 
oxygen species (ROS) stimuli. Furthermore, 
OsOxi1 proteins were rapidly phosphorylated 
and activated after chitin elicitor and ROS 
treatment. These results suggest that OsOxi1 
functions downstream of ROS in activating 
defense responses in rice. Overexpression of 
OsOxi1 enhanced basal resistance to the blast 
fungus, Magnaporthe oryzae, and a bacterial 
pathogen, Xanthomonas oryzae pv. oryzae (Fig. 
2), suggesting that OsOxi1 positively regulates 
defense responses contrary to OsPti1a (Matsui 
et al., 2010b).

In eukaryotes, AGC kinase family proteins are 
regulated by 3-phosphoinositide-dependent pro-
tein kinase 1 (Pdk1). However, functions of Pdk1 
have been poorly understood in plants. Thus, 

Fig. 2. Overexpression of OsOxi1 and OsPdk1 enhanced disease resistance against rice blast fungus and 
bacterial blight.

(A) Three-week-old transgenic plants carrying pUbi:OsOxi1, pUbi:Pdk1 or an empty vector were spray 
inoculated with conidia of a compatible race of M. oryzae. The leaves were photographed at 7 dpi. (B) Rates 
of disease symptoms in transgenic plants at 7 dpi. Average of three independent experiments are presented 
with standard deviations. (C) Representative leaves showing lesion development 21 d after inoculation with X. 
oryzae pv. oryzae in the leaves of transgenic plants carrying pUbi:OsOxi1, pUbi:Pdk1 or an empty vector. (D) 
Lesion length measurements in each transgenic plant. The graphs depict the mean ± standard errors from 
three independent experiments.

we tested whether OsPdk1 regulates OsOxi1 
and acts upstream of the OsOxi1–OsPti1a 
signaling cascade in rice. OsPdk1 interacts with 
OsOxi1 and phosphorylates it in vitro, indicating 
that OsOxi1 is a target of OsPdk1. To inves-
tigate whether OsPdk1 is involved in disease 
resistance in rice, we analyzed phosphorylation 
status of OsPdk1 in response to chitin elicitor. 
Similar to OsOxi1, OsPdk1 was rapidly phos-
phorylated after elicitor treatment. Additionally, 
overexpression of OsPdk1 also enhanced basal 
resistance against the blast fungus and the 
bacterial blight (Fig. 2). Taken together, these 
results suggest that OsPdk1 positively regulates 
basal resistance and functions upstream of the 
OsOxi1–OsPti1a phosphorylation cascade in 
defense signaling pathway in rice (Matsui et al., 
2010a).
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Other topics below can be found under 
“Research Highlights for 2010”

“Map-based cloning of a durable panicle 
blast-resistance gene Pb1 and elucidation of its 
evolutionary mechanism”

“BSR1 gene identified by FOX hunting 
method confers resistance to major bacterial 
and fungal pathogens in Arabidopsis and rice”
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Protein Research Unit

Proteins are dynamic molecules that often un-
dergo conformational changes while performing 
their specific functions. Hence, understanding of 
protein function requires a detailed knowledge 
of three-dimensional structure, dynamics, and in-
teractions 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 experimen-
tal methods such as NMR, surface plasmon 
resonance, isothermal titration calorimetry, and 
analytical ultracentrifugation. Proteins involved 
in important biological phenomena are selected 
as targets. 

Hormone uptake and release of juvenile hor-
mone binding protein (JHBP) is regulated by 
opening and closing of a gate helix on ligand-
binding pocket

Juvenile hormone (JH) is an acyclic sesquiterpe-
noid which contains an α,β-unsaturated methyl 
ester and a terpenoid backbone with an epoxide 
distal to the ester (Fig. 1A). Both ester and epox-
ide groups are required for hormone regulatory 
functions. JH regulates many processes essential 

for the insect life cycle, including growth, 
development, metamorphosis and reproduction of 
insects. The diversity of JH-mediated physiologi-
cal effects suggests that target cells may respond 
to the hormone directly by gene expression and/
or via a second messenger. Since JH actions for 
individual processes occur in tissue- and stage-
specific manners, it is generally assumed that 
multiple JH receptors exist at membranes and 
in cytosols and nuclei. In any case, the first es-
sential process for JH actions is transport of the 
lipophilic JH molecules from corpora allata cells, 
where the hormone is synthesized, to the proper 
sites of its actions in target cells. JH-binding 
protein (JHBP) in hemolymphs is responsible 
for this JH delivery. It is, therefore, essential for 
understanding JH actions to elucidate molecular 
mechanisms of uptake, recognition and target 
release of JH by JHBP. For this purpose, we have 
determined three-dimensional structures of apo- 
and JH-bound JHBP of silkworm, Bombyx mori, 
both in the crystalline and solution states.

The crystal structure of the JH II-bound JHBP 
assumes an unusual α/β-wrap fold, in which a 
31-amino-acid-long spine helix α3 is wrapped by 
a highly curved antiparallel β-sheet, to form a 
cylindrical barrel ～65Å long and ～30Å diameter 
(Fig. 1B). The central part of the β-sheet is five-
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stranded, whereas only four strands are present 
at both ends. Shorter helices α1 and α2 join 
the four-stranded parts of the b-sheet to form 
a wrap structure around the C- and N-terminal 
ends of the α3-helix, respectively. JHBP has two 
hydrophobic pockets at each end of the elongated 
structure. Among these two, only the pocket 
near the C-terminus of α3 accommodates one 
molecule of JH while the other pocket remains 
empty. The bound JH molecule is completely 
buried inside the protein, and thus protected 
from unfavorable nonspecific absorption and 
enzymatic degradation during the transport in 
the hemolymph. The solution structure of the 
JHBP-JH III complex (Fig. 1C) closely resembles 
the crystal structure of the JHBP-JH II complex, 
indicating excellent correspondence between the 

recognition features observed in the crystalline 
and solution states.

Comparison of the apo- and JH-bound JHBP 
structures suggests that a gate and latch 
mechanism is employed for hormone binding. 
The crystal structure of apo-JHBP (Fig. 1D) is 
very similar to the JH-bound structures with 
respect to the core of the protein, demonstrating 
that the JH-binding pocket is preserved in the 
apo-protein. However, significant deviations are 
observed for the entry gate of the JH-binding 
pocket which is surrounded by a gate-like helix 
α1 along with the N-terminal arm on one side, 
and on the other side, a latch-like region formed 
by the C-terminal tail. The positions of residues 
in the C-terminal tail do not change substantially 
between the apo- and JH-bound structures. In 

Fig. 1. Structural comparison of Bombyx mori JHBP in the apo- and JH-bound forms reveals a gate-latch 
mechanism for JH binding to JHBP.

(A) Chemical structures of juvenile hormone homologs. (B) Crystal structure of JHBP in complex with JH II. 
The bound JH II molecule is shown as a space-filling model. (C) Solution structure of JHBP in complex with 
JH III. The bound JH III molecule is shown as a space-filling model. (D) Crystal structure of apo-JHBP. (E) 
Close-up view of the JH entry site in the overlay of the apo- (yellow) and JH II-bound (light blue) JHBP crystal 
structures, showing movement of the gate a1 helix upon JH-binding.
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Plant-Microbe Interactions Research Unit

Substitution of three amino acids in oligochi-
tin elicitor receptor is sufficient to activate 
signaling for symbiosis in legume plants

Nitrogen-fixing symbiosis between legumes 
and rhizobia is initiated by the recognition of 
Nod factors (NFs) from rhizobia by host plants. 
NFs are modified derivatives of chitin oligosac-
charide, a fungal elicitor that induces defense 

responses in higher plants. Recent evidence has 
shown that both NFs and oligochitin elicitors 
are recognized by structurally related LysM 
receptor kinases. Analyses using chimeric genes 
consisting of the LysM receptor domain of a 
Lotus japonicus NF receptor, NFR1, and the 
kinase domain of an Arabidopsis oligochitin 
elicitor receptor, AtCERK1, demonstrated that 

Fig. 1. Complementation of nfr1–4 phenotype with chimeric constructs of LjNFR1 (LysM and transmembrane 
domains) and AtCERK1 (intracellular domain).

nfr1–4 roots were introduced with a wild-type LjNFR1 (upper panels), LjNFR1–AtCERK1 with no substitution 
(middle panels), and a construct that included substitution of the αEF helix (YAQ: lower panels). Photographs 
were taken at 14 days after infection with DsRed-labeled M. loti. Bright-field images (left panels) and DsRed 
fluorescence (right panels) are shown for each construct. Scale bars = 1 mm.

contrast, the largest difference is the length and 
orientation of the gate α1 helix which is 1.5-
turn shorter at its N-terminus in the apo-form 
than in the JH-bound form. In the apo-form, the 
location of the α1 helix generates a wide open 
conformation, which permits access of JH to 
the hormone-binding site. JH binding induces a 
dramatic change in the orientation of α1, which 
swings toward the pocket about 70° from the 
position of the corresponding helix in the apo-
structure (Fig. 1E). In solution, the apo-JHBP is 
in equilibrium of multiple conformations with 
different orientation of the gate α1 helix ranging 
from closed to open forms while the protein core 

structure is well maintained. JH-binding silences 
conformational multiplicity and results in the 
fully closed JHBP-JH complex.

Our structural investigation of the JHBP-
JH complexes and the apo-JHBP has provided 
the structural mechanism for the JH delivery 
by JHBP in the hemolymph that deepens our 
understanding of the JH signaling essential for 
the insect life cycle. Furthermore, the detailed 
molecular mechanism of JH recognition by JHBP 
that we identified provides the first opportunity 
to rationalize computer-assisted design of JH-
related insect growth regulators.
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substitution of the αEF helix in CERK1 with 
the three amino acids, YAQ, from the cor-
responding region of NFR1 is sufficient to form 
mature nodules in response to inoculation with 
Mesorhizobium loti in L. japonicus nfr1 mutant 
(Fig. 1). The kinase domains of two L. japonicus 
LysM receptor kinases, Lys6 and Lys7, which 
also possess the YAQ sequence, suppress 
the symbiotic defect of nfr1. These results 
strongly suggest that, in addition to adaptation 
of extracellular LysM domains to NFs, limited 
alterations in the kinase domain of chitin recep-
tors have played a crucial role in shifting the 
intracellular signaling to symbiosis from defense 
responses.

HSP90 facilitates the assembly of RNA-
induced silencing complexes

RNA-induced silencing complexes (RISCs) are 
considered to play key roles in posttranscrip-
tional gene silencing. In plants, the mechanism 
of RISC assembly has remained elusive due to 
the lack of cell-free systems that recapitulate 
the process. We demonstrated that plant AGO1 
protein synthesized by in vitro translation using 
an extract of evacuolated tobacco protoplasts 

incorporates synthetic small interfering RNA 
(siRNA) and microRNA (miRNA) duplexes to 
form RISCs that sequester the single-stranded 
siRNA guide strand and miRNA strand, 
respectively. The formed RISCs cleaved the 
complementary target RNAs. In this system, 
the siRNA duplex was incorporated into HSP90-
bound AGO1, and ATP hydrolysis by HSP90 
was required for subsequent removal of the 
passenger strand. Removal of the siRNA pas-
senger strand required the ribonuclease activity 
of AGO1, while that of the miRNA star strand 
did not. Based on these results, we proposed the 
mechanism of plant RISC formation shown in 
(Fig. 2).

2’-deoxyuridine promotes rice blast fungal 
infection of susceptible rice plants

An infection-promoting activity was found in 
the supernatant of a conidial suspension (SCS) 
of the rice blast fungus. A molecule carrying 
the activity was purified and identified as 2’
-deoxyuridine (dU). The infection-promoting 
activity of dU was strictly dependent on its 
chemical structure and displayed characteristics 
highly consistent with those of the SCS such as 

Fig. 2. A proposed mechanism of RISC formation in higher plants.

A dimer of HSP90 binds to AGO1 followed by binding of ATP that causes conformational change in HSP90/
AGO1 complex. This conformational change is critical for AGO1 to be competent for siRNA binding, and a 
small RNA duplex binds to AGO1/HSP90/ATP complex. The hydrolysis of ATP by HSP90 triggers dissociation 
of AGO1 from HSP90 and the conformational change in AGO1 results in proper positioning of small RNA 
duplexes to the endonucleolytic reaction center of the AGO1 protein.
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Fig. 3. Effect of dU on lesion formation. (Left) Representative lesions of rice blast disease observed at 6 dpi.

Bars indicate 1 mm. (Right) Changes in the ratio of the classes of lesions in response to the addition of dU. 
Washed conidia of Ina86-137 were suspended in 1 mM MES-NaOH (pH 5.7, ‘Buf’) containing dU or SCS, 
and then inoculated on detached leaves of rice cv. Nipponbare (Pia). The lesions were counted according 
to the classification shown in the left panels. Bars represent the ratio of lesions of each class to the total 
number of counted lesions in 24 individual leaf blades (indicated at the top of each bar).

an increase in the ratio of susceptible lesions (Fig. 
3). The activity of dU was exclusively detected 
during interactions between rice and virulent 
isolates of the rice blast fungus but not in the 
interactions between oat and oat blast fungus. 
The expression of pathogensis-related genes, 
accumulation of H2O2, and production of phyto-
alexins in rice in response to inoculation with 
virulent fungal isolates remained unchanged in 
the presence of dU. The infection-promoting ac-
tivity of dU was not related to the endogenous 
levels of abscisic acid, which is known to modify 
plant-pathogen interactions. These results dem-
onstrate that dU is a novel infection-promoting 
factor that acts specifically during compatible 
interactions between rice plants and rice blast 
fungus in a mode distinct from that of toxins 
and suppressors.
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High-frequency gene targeting in rice medi-
ated by exonuclease-1

Targeted minimal modification of genes of 
interest by gene targeting (GT) via homologous 
recombination (HR) is a “clean” transformation 
technology more likely to gain wider public ac-
ceptance than other methods of genetic modifi-
cation. However, GT efficiency is extremely low 
in higher plants. Recently, zinc finger nucleases 
(ZFNs), which are fusion proteins of zinc-finger 
based DNA recognition modules linked to an en-
donuclease domain, have been used to improve 
GT efficiency in tobacco and maize. Although 
ZFN-induced double strand breaks (DSBs) 
enhanced GT in both plants, more efficient GT 
procedures should be established that are more 
widely applicable to other crop plants, which 
sometimes show low transformation frequency.

We succeeded in high-frequency gene target-
ing (GT) in rice with exonuclese-1 coupled with 
a break induction at the model target locus. The 

frequency of GT reached 3 GT events per 10
transformed rice calli blocks. Our approach 

can also enhance the GT frequency up to 5-fold 
in the absence of a break induction. These 
results therefore establish a new strategy for 
plant genetic manipulation in basic science and 
agricultural applications.

High competency for  Agrobacter ium-
mediated transformation in rice callus derived 
from mature seeds

We previously reported that transgenic rice 
plantlets were successfully obtained in a model 
indica variety, Kasalath, using a high-speed 
transformation system. We carefully compared 
calli of Kasalath and a model japonica variety, 
Nipponbare, transformed with a hygromycin 
phosphotransferase (hpt) and green florescent 
protein (gfp) expression vector. Interestingly, we 
found that the number of cells in which GFP 
signals were observed in Kasalath was much 

Fig. 1. Transformed calli of Nipponbare and Kasalath.

A. Representative images of green fluorescence viewed under blue light emitted from transformed 
primary callus 8 days after the onset of selection. B. Transformed calli derived from one Agrobacterium 
co-cultivated callus. X-axis shows the number of independent hygromycin-resistant secondary callus 
lines observed on a single primary callus. Values are average±SD.

Plant Genetic Engineering Research Unit
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higher than that in Nipponbare, and succeeded 
in clonal propagation of hygromycin-resistant 
cells of Kasalath at over 8-fold higher frequency 
than that of Nipponbare (Fig. 1). Southern blot 
analysis showed that almost all the clonal calli 
were derived from independent transformation 
events, and the number of T-DNA copies inte-
grated into the genome in Kasalath (2.6 copies, 
on average) was comparable to Nipponbare. 
Thus, we confirmed that independent trans-
formation events in Kasalath occur at a fre-
quency over 8-fold higher than in Nipponbare. 
Furthermore, we made use of the higher trans-
formation competency of Kasalath to conduct 
visual selection for transformant calli without 
selection for hygromycin resistance. Actually, 
we succeeded in improving clonal propagation of 
GFP-expressing cells at a frequency of 62-85% in 
Kasalath compared to 9.4-20.5% in Nipponbare. 
Thus, this higher transformation competency of 
Kasalath could be exploited in the application of 
new transformation technologies such as visual 
selection and gene targeting.

Generation of marker-free transgenic rice 
plants by site-specific recombinase gene 
under the control of tissue specific promoter

The R recombinase gene of the site-specific 
recombination system R/RS was fused to the 
germline-specific promoter to remove a select-
able marker after selection of transgenic rice. 
We confirmed the removal of the marker gene 
in the T2 generation of transformants. Since 
the recombinase gene is under the control of 
male-germline specific promoter in this system, 
we can obtain marker-free transformants after 
the T2 generation. To get marker-free trans-
formants in an earlier generation, a new vector 
was constructed in which the recombinase gene 
is controlled by a shoot apical meristem-specific 
promoter and transformations were initiated 
with it. 

DNA damage response of cell cycle in rice is 
different from that in Arabidopsis

CDKB is a plant-specific CDK[Define] required 
for the G2/M transition of the cell cycle. In 
Arabidopsis, DNA damage degrades CDKB2, 
and subsequent G2 arrest gives cells time to re-

pair damaged DNA. G2 arrest is one of the most 
important DNA damage checkpoints because 
cell division without repairing damaged DNA 
is harmful. G2 arrest also triggers the transi-
tion from mitotic cycle to endoreduplication in 
Arabidopsis. Cells undergoing endoreduplication 
replicate chromosomal DNA without sister 
chromatid separation. Endoreduplication has 
been considered a bypass pathway that makes 
development compatible with cell division ar-
rest. In contrast to Arabidopsis, polyploid cells 
in rice have been found only in endosperm and 
the cell cycle response of rice to DNA damage 
is still unknown. We found in a previous study 
that a CDKB2;1 knockdown induced endomitosis 
in rice. During endomitosis, chromosomes 
double and sister chromatids separated, but 
cells returned to the interphase state without 
mitosis. This result showed that Orysa; CDKB2;1 
has an important role during mitosis. In this 
year, we revealed that DNA damage neither 
degrades Orysa;CDKB2;1 nor induces endoredu-
plication in rice. Meanwhile, we found increased 
Orysa;CDKB2;1 protein upon DNA damage 
treatment. Furthermore, we detected DNA 
damage hyper-sensitivity in Orysa;CDKB2;1 
knockdown mutants. These results suggest that 
Orysa;CDKB2;1 has an important role in DNA 
damage response in rice which differs from that 
in Arabidopsis.

Genetic interaction among various silencing 
pathways in plants

 Small interfering RNAs (siRNAs) are wide-
spread in various eukaryotes and are involved 
in maintenance of chromatin modifications, 
especially those for inert states represented by 
covalent modifications of chromatin. siRNAs 
play a major role in directing cytosine methyla-
tion through the process of RNA-directed DNA 
methylation (RdDM). Recent advances in this 
field have revealed that siRNA-mediated main-
tenance of inert chromatin has diverse roles in 
development and responses to the environment 
as well as control of meiotic recombination that 
is crucial for crop breeding. 

Morpheus’ molecule 1 (MOM1) is a plant-
specific epigenetic regulator in Arabidopsis 
thaliana that silences a subset of endogenous 
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loci downstream from RdDM. Single mutants 
for MOM1, RDR2 (RNA-DEPENDENT RNA 
POLYMERASE2), or UPF3 (UP-FRAMESHIFT3) 
[??] show no strong morphological abnormalities, 
whereas triple mutants of mom1 rdr2 upf3 
show striking morphological aberrations that 
are not observed in double mutants of any 
combinations of mom1, rdr2, and upf3. Triple 
mutants of mom1 rdr6 (a mutant of RNA-
DEPENDENT RNA POLYMERASE6) upf3 
show no such abnormalities. RDR2 and UPF3 
are key components in RdDM and nonsense-
mediated mRNA decay (NMD), respectively, and 
RDR6 is involved in post-transcriptional gene 
silencing. Therefore, the results imply that aber-
rant RNAs produced in mom1 are redundantly 
processed by RDR2 and NMD, and indicate a 
novel role of RdDM factors in surveillance of 
aberrant RNAs. 

Distinct roles of protein disulfide isomerase 
and P5 sulfhydryl oxidoreductases in multiple 
pathways for oxidation of structurally diverse 
storage proteins in rice

Protein disulfide isomerase (PDI) catalyzes a 
wide range of thiol-disulfide exchange reactions 
including oxidation, reduction and isomerization. 
The essential function and broad substrate 
specificity of the PDI family oxidoreductases 

complicate the identification of redundant and 
specific functions of each member of the PDI 
family in vivo. The endosperm of rice provides 
an ideal system for studying specific functions 
of the PDI family oxidoreductases. We studied 
oxidative folding of storage proteins and 
development of protein bodies (PBs) in rice 
endosperm, focusing on the role of PDIL1;1 and 
PDIL2;3, an ortholog of human P5. A PDIL1;1 
knockout mutant esp2 accumulates large protein 
aggregates containing proglutelins through 
intermolecular disulfide bonds in the ER. 
PDIL1;1 and PDIL2;3 exhibited distinct localiza-
tions in the ER, which is like an inflated balloon 
containing multiple PB-I. PDIL1;1 was uniformly 
distributed in the ER lumen; whereas, PDIL2;3 
was localized mainly on the surface of PB-I in 
the ER (Fig. 2). Complementation analyses have 
shown that PDIL2;3 and PDIL1;1 are not func-
tionally redundant in the developing endosperm. 
In addition, in vitro studies with recombinant 
proteins revealed that PDIL1;1 facilitates 
oxidative protein folding of monomeric proteins; 
whereas, PDIL2;3 promotes protein aggregation 
through intermolecular disulfide bond formation. 
These results have demonstrated that PDIL1;1 
and PDIL2;3 play distinct roles in sulfhydryl oxi-
dations of structurally diverse storage proteins 
in rice. 

Fig. 2. PDIL1;1 and PDIL2;3 exhibit distinct localizations in the ER lumen.

Confocal fluorescence images of the subaleurone cells (10 days after flowering) expressing spGFP-PDIL2;3 
and spDsRed-PDIL1;1. The fluorescence signals of GFP-PDIL2;3 (left panel) and DsRed-PDIL1;1 (middle 
panel) are converted to green and red, respectively, and merged (right panel). Arrowheads indicate PB-
I, which contains prolamins. Note that the structure of ER in the developing endosperm cells is unusual, 
because it is not reticulate but is like an inflated balloon containing multiple PB-I. Bars = 5 μm.



76  Annual Report 2011

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 biotechnol-
ogy 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 
identify genes involved in the action of insect 
hormones, insect behaviors, invertebrate 
reproduction, embryonic development and 
regeneration.

Anhydrobiosis Research Unit studies bio-
chemical and molecular adaptations associated 
with anhydrobiosis in the sleeping chironomid, 
Polypedilum vanderplanki.

Innate Immunity Research Unit elucidate 
mechanisms of insect antimicrobial proteins and 
synthetic peptides against bacteria and trypano-
somes, and 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 studies mo-
lecular 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.

Silk-Materials Research Unit studies physico-
chemical 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 breeds new silkworm 
races having specific filament characters, such 
as high strength or lustrous appearance for 
applications in new medical materials or unique 
textiles, and develops silk materials for bedding 
and sanitary purposes. 

The laboratory of Special Project, which is 
operated with funding provided by several sup-
porting companies and backed by the Institute, 
cinducts the insect symbiont genome project.
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loci. At present, about 17,000 loci were defined 
as candidates for annotation. Various in silico 
analyses, such as homology searches against 
public protein databases, were also conducted 
to provide fundamental information for the 
annotation. 

The sequences and all related analyses data 
were then stored into the Relational DataBase 
Management System (RDBMS). We used Chado 
(http://gmod.org/wiki/Chado_-_Getting_Started) 
as a relational database schema which describes 
the structure of the database. Due to its high 
flexibility and general nature, we can easily 
interact with other genomic databases that 
conform to this schema resulting in reduced 
time and labor for implementation of database 
applications. 

As a next step, we started to develop the 
curation system. The most important aspect 
of a curation system is whether it is designed 
to be appropriate for the characteristics of the 
annotation community. The main features of the 
silkworm genome annotation community are as 

Insect Genome Research Unit

Topics
1. Held the international symposium “Silkworm 

Genome Sympos ium and  Annota t i on 
Workshop” on November 8-11, 2010.

2. Preparation of the system for upcoming 
silkworm genome annotation version 1.

As a core tool of the annotation project, more 
than 10,000 full length cDNAs (FL-cDNAs) 
from silkworm have been sequenced. These 
FL-cDNAs were computationally mapped onto 
the silkworm genomic sequences. As a result, 
about 94 percent of FL-cDNAs were success-
fully mapped onto scaffolds with our program. 
Approximately 78.1% of FL-cDNA positions 
overlapped with genomic positions expected 
to contain gene sequences according to gene 
prediction programs; this indicated that 21.9% 
of the FL-cDNAs could not be predicted with 
the gene prediction program.  Other genomic 
resources like EST/cDNA also were mapped 
onto genomic sequences and, based on map 
positions, we defined a more extensive set of 

Fig. 1. Outline of curation system for silkworm genome annotation.
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without special preparation. In addition, we 
designed the user interface (UI) of the system 
to be as intuitive as possible, allowing a user to 
operate the system without frequently referring 
to the instruction manual. 

At the silkworm genome annotation sympo-
sium and workshop held from November 9 to 
11 in 2011, the community reached a consensus 
on how to proceed with the first version of 
silkworm genome annotation. In addition, our 
curation system was well accepted by the 
community. 

The silkworm genome annotation is scheduled 
to start by the end of 2011. We are now modify-
ing the system in order to release the final 
version of the system.

follows: 1) Most of community members are bi-
ologists who may be relatively unaccustomed to 
installation of a series of programs like libraries 
and software required for the curation system; 
and 2) Researchers interested in annotation 
may be dispersed across many locations and 
therefore require that the annotation network 
be available at many locations. To facilitate the 
collective annotation effort, our research unit 
therefore developed the “distributed community 
annotation” model for a curation system which 
meets our community’s characteristics. The sys-
tem was developed as a Web application, a type 
of software which utilizes a web browser as a 
client. A user only needs a web browser and the 
URL for the application, and will then be able 
to access the system and start annotation work 

Invertebrate Gene Function Research Unit

The 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 to develop screening methods 
for inhibitors of these enzymes and receptors 
of neuropeptides. The unit also conducts 
molecular analyses of invertebrate reproduction, 
embryonic development and regeneration. The 
selected major research topics of 2010 from the 
present research unit are as follows:

A finding of the first cellular tricistronic mRNA 
from eukaryotes

Most eukaryotic mRNAs are generally consid-
ered monocistronic with one open reading frame 
(ORF). Although a very small number of mature 
dicistronic mRNAs with two non-overlapping 
ORFs were previously found in both verte-
brates and invertebrates, the presence of any 
polycistronic mRNA encoding three or more 
proteins (>50 amino acid residues), commonly 
found in prokaryotes and viruses, has remained 

elusive so far in eukaryotes. Here, we have 
found an eukaryotic cellular tricistronic mRNA 
that encodes three proteins independently in 
the silkworm, Bombyx mori.

Paralytic peptide (PP) is an insect cytokine 
belonging to the ENF peptide family and it 
plays multiple roles in innate immunity and 
development. We previously showed that 
there are two different sizes of PP mRNAs in 
the silkworm and isolated the shorter 0.6-kb 
monocistronic PP mRNA encoding a 131 amino 
acid-long PP precursor. Now we have character-
ized the longer 1.5-kb PP mRNA. Surprisingly, 
this mRNA encoded not only the PP precursor 
but also encoded two cytokine precursor-like 
proteins (Fig. 1). Thus, it appears to be a tricis-
tronic mRNA. Predicted proteins encoded by 
these two newly identified ORFs, named here as 
uENF1 (upstream of ENF peptide precursor 1) 
and uENF2 (upstream of ENF peptide precursor 
2), consisted of 105 and 89 amino acids, respec-
tively. The N-terminus ends of both proteins 
contained putative signal peptides; whereas, 
their C-terminus ends showed sequence similari-
ties to the mature PP. Sequencing of a B. mori 
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Next ,  we examined the trans la t iona l 
mechanism that enables expression of the three 
proteins from the uENF1-uENF2-PP mRNA. 
Insertion experiments using the Renilla lucifer-
ase ORF or a stem loop ruled out the possible 
involvement of internal ribosome entry sites 
resulting in translation of three proteins. On the 
other hand, systematic mutation analysis of the 
translation initiation sequence of the 5’-proximal 
uENF1 ORF suggested that the con- text-
dependent leaky-scanning mechanism is involved 
in translation of the downstream uENF2 and PP 
ORFs.

In addition, we synthesized putative mature 
uENF1 and uENF2 peptides, corresponding 
to their respective C-terminal portions, and 
assessed their biological activities. In vitro, 
the uENF1 peptide stimulated spreading of 
hemocytes as did the synthetic PP, whereas 
the uENF2 peptide antagonized the stimulating 
activities of PP and the uENF1 peptide, suggest-
ing that the three proteins interactively control 
cellular immunity.

Thus, the uENF1-uENF2-PP mRNA is the 
first identified eukaryotic polycistronic mRNA 
that encodes three functionally related proteins 
as in an operon. Our results suggest that the 
structural organization of eukaryotic mRNAs 
is more diverse than anticipated. Although we 

genomic BAC clone revealed that the genomic 
region corresponding to this mRNA contained 
an intron (Fig. 1), suggesting that evolutionally 
it was not horizontally transferred from a virus 
or bacterium. Database searches and RT-PCR 
analysis showed that an additional five moth 
species expressed a homologous mRNA (Fig. 1). 
Thus, this mRNA species is widely conserved in 
Lepidoptera.

We evaluated whether all three ORFs of the 
uENF1-uENF2-PP mRNA are indeed translated 
into proteins. When the native 1.5-kb mRNA or 
its modified forms were expressed in an insect 
cell line, all three proteins were detected in the 
medium by Western blot analysis. Luciferase 
assay using expression plasmids, in which 
each one of the three ORFs was individually 
replaced by the firefly luciferase ORF, showed 
that the relative expression levels of uENF2 
and preproPP were around 20% and 5%, re-
spectively, of that of uENF1 in the cell line. We 
also conducted the same luciferase assay using 
silkworm larvae by the help of in vivo lipofec-
tion technique and obtained very similar results. 
These results indicate that all three proteins 
are, in fact, translated from the uENF1-uENF2-
PP mRNA both in cultured cells and silkworm 
larval tissues and that they all are processed 
and secreted from cells.

Fig. 1. The uENF1-uENF2-PP tricistronic mRNA is expressed in a variety of moths.

Structural organization of the tricistronic mRNA identified from six moths is shown. The uENF1, uENF2, and 
PP (ENF peptide) ORFs are indicated using blue, green, and orange boxes, respectively. The structure of the 
B. mori PP monocistronic mRNA is also shown. The inverted triangles show the positions where the introns 
were found in the respective genes. The length of each intron is indicated on the right side of each inverted 
triangle. Bm, B. mori; Scp, Samia cynthia pryeri; Nhs, Neogurelca himachala sangaica; Tj, Theretra japonica; 
Ps, Pseudaletia separata; Mb, Mamestra brassicae.
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however, the arrangement of prolegs differs 
between these two groups. It is considered that 
the prolegs of moths and butterflies share serial 
homology with thoracic legs (main limb stem), 
while the origin of the prolegs of sawflies has 
remained unclear. It is necessary to identify 
the origin of these structures for correct under-
standing of molecular regulatory mechanisms 
of proleg development. Our morphogenetic 
and histological examinations on prolegs of the 
sawfly Athalia rosae revealed that: (1) prolegs 
began appearing at the time when inner lobes 
(endites) of the mouthparts are formed; (2) they 
developed as the swellings from the ventral 
plates expanded from the basal parts of limbs; 
and (3) they are located medioventrally com-
pared to the thoracic legs (Fig. 2A, B). These 
findings suggest that prolegs of the sawfly do 
not correspond to the main limb stems. The 

have found a polycistronic mRNA only in moths, 
polycistronic mRNAs may also exist in other 
eukaryotes and the uENF1-uENF2-PP mRNA 
could be a pioneering example of such polycis-
tronic mRNAs. We suggest that this information 
might necessitate modification of the genome 
annotation process, as large amounts of genomic 
data are now being produced from a wide 
variety of organisms.

What is the origin of larval abdominal limbs in 
primitive Hymenoptera?

Larvae of some holometabolous insects have 
limb-like structures called prolegs in their 
abdomen. These are important for locomotive 
activity in phytophagous (plant-eating) species. 
The larvae of primitive Hymenoptera (sawflies) 
and Lepidoptera (moths and butterflies) are 
known to have remarkable abdominal prolegs; 

Fig. 2. Histological examination and gene expression analyses by whole-mount in situ hybridization to 
identify the origin of abdominal prolegs in the sawfly, Athalia rosae.

A-B, Cross-sections of the second thoracic segment (A) and the fourth abdominal segment (B) of embryo 
show that the proleg (plg) is located medially to the thoracic leg (tlg). Arrow in (A) indicates the corresponding 
position where the proleg would appear. Nothing is formed where the main limb stem would appear (asterisk 
in B). C, dpp is expressed in labrum (Lr), antenna (An), all mouthparts (mandible: Mb, maxilla: Mx and labium: 
Lb) and the tip of thoracic legs. No dpp signals are detected on the prolegs (arrow in C), while the dpp is 
expressed juxtaposed to the prolegs (arrowhead in C). D, Dll is expressed in all main limb stems except 
mandible and in protruding inner lobes (endites of maxilla). No Dll expression is detected on the prolegs. sp: 
spiracle, T1-3: thoracic segment 1-3, A1-11: abdominal segment 1-11.
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Lepidoptera by combining morphogenetic and 
molecular evidence.
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expression analysis of decapentaplegic (dpp) of 
which expression reflects the primary limb de-
termination and Distal-less (Dll) which is usually 
expressed in the distal parts of the main limb 
stem revealed that: (1) dpp was expressed at the 
outer juxtaposition of the proleg in each abdomi-
nal segment and (2) Dll was undetected in the 
prolegs, while it was expressed in the main limb 
stems of mouthparts and thoracic legs (Fig. 2C, 
D). The expression patterns of these two key 
genes support our aforementioned suggestion. In 
conclusion, prolegs of the sawfly are considered 
to be the outgrowths of the limb base, having a 
nature of endites seen in mouthparts. This work 
first demonstrates the difference of the origin 
of prolegs between primitive Hymenoptera and 

Anhydrobiosis Research Unit

Anhydrobiosis-associated nuclear DNA dam-
age and repair in the Sleeping Chironomid: 
linkage with radioresistance

Anhydrobiotic chironomid Polypedilum 
vanderplanki larvae can withstand an exposure 
to various external stresses, including high dose 
radiation. The molecular mechanisms which al-
low the chironomid larvae to survive an almost 
complete dehydration share some common fea-
tures with those of other anhydrobionts. These 
are: (i) the replacement of structural water with 
compatible solutes such as disaccharides; (ii) the 
formation of stable glasses from highly hydro-
philic proteins which prevent the biomolecules 
from irreversible aggregation. However, water 
replacement and vitrification alone do not fully 
explain the cross-tolerance to different types 
of ionizing radiation. We demonstrated that P. 
vanderplanki also has a remarkable resilience 
against DNA breaks caused by desiccation and 
two types of radiation.

We found that despite the presence of treha-
lose and other protectants associated with anhy-
drobiosis, there was severe damage to nuclear 
DNA in the cells of anhydrobiotic larvae (Fig. 1). 
Simultaneously, antioxidant activity increased 

upon dehydration (Fig. 2), which is probably 
attributed to the elevation of reactive oxygen 
species (ROS) levels in the larvae. As suggested 
by several authors for other anhydrobionts, the 
ROS generated during dehydration of cells may 
be the major cause of DNA fragmentation, and 
this is also likely to be true for P. vanderplanki. 
One of the optimal conditions for larvae to enter 
anhydrobiosis is slow dehydration (up to 72 h), 
thus, in this case larvae are subjected to pro-
longed periods of “intermediate” water concen-
trations. However, we expect that all metabolic 
processes, including respiration, nucleic acid 
synthesis and accumulation of protectants need 
to take place continuously until the intracellular 
matrix vitrifies. This state of water deficit is 
dangerous for the cells because it is associated 
with over-production of ROS.

An initial increase in the expression of genes 
involved in the oxidative stress response was 
observed in the desiccated larvae, followed by 
an elevation of total oxidant activity and the 
accumulation of mature antioxidants (Fig. 3A). 
These changes are likely to be due to an 
increase in ROS concentration triggered by the 
onset of desiccation. The antioxidants-coding 
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larvae, which showed that the elevation in the 
expression of other antioxidants and heat shock 
protein-coding genes is tightly linked with 
anhydrobiosis in the larva. This accumulation of 
antioxidants, which maintains its activity even 
in dry larvae, might be one of the key factors 
ensuring the survival of P. vanderplanki in the 
dry state, as it does in anhydrobiosis-capable 
cyanobacteria, plant seeds, resurrection plant tis-
sues and nematodes. Furthermore, the presence 
of DNA breaks, and not that of ROS, is likely to 
be responsible for the induction of genes (Rad23 
and Rad51) directly involved in different types 

genes were induced by low-LET (70 Gy gamma-
rays) radiation, which causes excessive ROS 
production (Fig. 2C), but not by high-LET radia-
tion, which mainly exerts direct effects on bio-
molecules (data not shown). A gradual decrease 
of both the expression of these genes and the 
antioxidant activity in rehydrated larvae would 
suggest that the consequences of ROS activity 
are neutralized, at least at the early stage of 
rehydration, by the antioxidants synthesized 
before entering the dry state. These results 
are consistent with the results from analysis of 
EST databases prepared from anhydrobiotic 

Fig. 1. Time course of DNA repair in the fat body cells of hydrated larvae before and after rehydration.

Photos: Typical comet images of nuclear DNA from fat body cells of larvae at 96 h upon recovery from 
anhydrobiosis.

Fig. 2. Relative antioxidant activity during dehydration/rehydration cycle, recalculated from ROS-
scavenging ability of a P. vanderplanki larva during the course of dehydration and rehydration after 
anhydrobiosis.

cont. – control hydrated larvae. n –samples with crude from larvae not added.



Annual Report 2011  83

triggers necrotic or apoptotic processes. We still 
do not know how the larvae prevent cells with 
damaged DNA from committing apoptosis over 
such an extended period of time. Further cyto-
logical and biochemical studies must be carried 
out to resolve this issue since some observations 
suggest that there might be a specific regulation 
of apoptosis in anhydrobionts.

Recent studies have focused on survival rates 
after anhydrobiosis and showed that not all 
larvae are able to revive from the dry state; 
several physiological factors, including the rate 
of dehydration, determine the viability of the 
anhydrobiotic larvae. Clearly water replacement 
and vitrification are indispensable for success-
ful induction of anhydrobiosis. Nevertheless, 
our recent data suggest that such protective 
mechanisms are insufficient for the maintenance 
of structural integrity of DNA in dry cells, and 
DNA repair after rehydration is another key 
for successful anhydrobiosis. Concerning this 
point, genetic adaptations to anhydrobiosis in 
the sleeping chironomid show some functional 
analogies with those of the radiotolerant bac-

of DNA repair, as both genes were up-regulated 
by desiccation and both desiccation and low-
LET radiation stresses (Fig. 3B, D).

Although the process leading to the general 
recovery of nuclear DNA integrity in rehy-
drated larvae is still unclear, there are at least 
two possibilities: (i) fragmented DNA is restored 
by DNA repair systems; or (ii) damaged cells 
are eliminated by apoptosis while the remaining 
intact cells proliferate. The latter hypothesis 
seems less plausible, since we found a continu-
ous and gradual decrease in “comet tails” of 
damaged cells, suggesting that DNA reparation 
is taking place in either the rehydrated or the ir-
radiated larvae (Fig. 2). The occurrence of rapid 
DNA repair that has been suggested by many 
authors to be a specific feature of anhydrobiotic 
organisms was not observed in the cells we 
studied. Instead, it took more than 48 h to 
complete DNA recovery in the larvae reviving 
after anhydrobiosis (Fig. 1). Typically, the repair 
of double strand breaks in living cells takes 
less than 24 h and, in many cases, excess DNA 
damage in higher eukaryotes, including insects, 

Fig. 3. Relative mRNA expression profiles for selected genes encoding antioxidants (A, C) and DNA repair 
enzymes (B, D) in anhydrobiotic (A, B) and 70 Gy gamma rays- (B, D) irradiated larvae.

Values for the mRNA level of each gene were corrected for expression level of EF1-alpha, and the relative 
level of expression changes for each gene was calculated using that of control hydrated larvae as standard 
(value = 1). cont. – control hydrated larvae.
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for antioxidants and DNA repair enzymes as 
well as the increase in antioxidant activity are 
rather typical reactions of common insects to 
desiccation stress. During the course of evolu-
tion, P. vanderplanki might have intensified this 
response, concomitantly with the acquisition of 
an ability to preserve the viability of cells be-
yond the dehydration threshold at which other 
insects would die. This anhydrobiosis-related 
evolution of augmented antioxidant protective 
mechanisms and DNA repair machinery is also 
most likely responsible for the remarkable cross-
resistance of P. vanderplanki larvae in both dry 
and hydrated forms to the different types of 
ionizing radiation.

This study is the result of the “Elucidation 
of mechanisms underlying radiation-tolerance 
linked to anhydrobiosis” project carried out un-
der the Strategic Promotion program for basic 
Nuclear Research by the Ministry of Education, 
Culture, Sport and Technology of Japan. 
Funding was also provided by the Grant-in-Aid 
for Young Scientists (A) Kakenhi (21688004).

teria Deinococcus radiodurans, in which both 
desiccation and irradiation cause severe DNA 
damage, followed by a prolonged DNA recovery 
period associated with a delay in cell cycle (while 
doubling time under normal conditions is 1.5-3 
h). At the same time there are clear differences 
in these two phenomena, i.e., DNA reparation 
machinery and oxidative stress-response are 
different in eukaryotes and prokaryotes, genome 
organization in insects is much more complex 
and there is cell and tissue specification. In ad-
dition, recent studies have suggested that DNA 
breaks take place in other anhydrobionts such 
as Bdelloid rotifers. Therefore, these convergent 
characteristics, as well as molecular protection 
by protein glasses, must be taken into account 
for future technology developments such as 
dried cell preservation.

The anhydrobiotic chironomid larvae presum-
ably experience nuclear DNA fragmentation 
with each cycle of desiccation and rehydration, 
and must have overcome this threat efficiently 
to survive the drought season. It is likely that an 
initial increase in the expression of genes coding 

Innate Immunity Research Unit

Development of a bioactive fiber with immo-
bilized synthetic peptides designed from the 
active site of a beetle defensin

The 9-mer peptides RLYLRIGRR (peptide A) 
and RLLLRIGRR (peptide D) were immobilized 
to amino-functionalized cotton fibers by a 
modification of the SPOT synthesis technique 
(Fig. 1). The antibacterial activities of the 
peptide-immobilized cotton fibers against 
Staphylococcus aureus and methicillin-resistant S. 
aureus (MRSA) were investigated. Antibacterial 
assays revealed that these fibers inhibit the 
growth of MRSA and the antibacterial activities 
were maintained after washing and sterilization 
by autoclaving (Table 1). The anticancer effect 
of the peptide-immobilized fiber was also inves-
tigated with mouse myeloma cells and human 
leukemia cells (Table 2, Fig. 2). These results 

indicate that these fibers have strong growth 
inhibition activity against bacteria and cancer 
cells.

Establishment of a novel method to convert 
a DNA fragment inserted into a plasmid to an 
inverted repeat structure

Transfection of an expression plasmid pos-
sessing inverted repeat (IR) DNA into cultured 
cells leads to the overexpression of hairpin RNA 
and efficient suppression of target gene expres-
sion. Such DNA vector-based RNA interference 
(RNAi) is widely used for characterizing genes 
of interest in cultured cell lines. In the present 
study, we developed a new method to convert 
an inserted DNA fragment (IDF) in specially 
designed plasmid vectors into an IR structure 
by using nicking endonucleases and BcaBEST 
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Table 1. Antibacterial activities of the fibers against MRSA

1 h after (CFU) 18h after (CFU)
C3 1.22 x 106 4.94 x 106

C3-A 3.20 x 103 5.00 x 102

C10 1.17 x 106 2.89 x 106

C10-A 1.59 x 103 4.00 x 102

(Inoculated MRSA: 1.47 x 106 CFU)

Fig. 1. Chemical structures of D-9-mer peptide-immobilized fibers.

Table 2. Viability of mouse myeloma (Jurkat) and human leukemia (P3-X63-Ag8.653) cell lines after 
treatment with the peptide immobilized fiber C10-D

Viability (%)
Jurkat P3-X63-Ag8.653

Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3
Without fiber fiberfiber 100 ± 2 100 ± 6 100 ± 3 100 ± 6 100 ± 6 100 ± 7

Untreated fiber 90 ± 7 102 ± 3 102 ± 7 49 ± 19 78 ± 4 81 ± 7
C10-D 15 ± 2 18 ± 9 35 ± 5 10 ± 5 5 ± 1 0 ± 2
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constructed by this method effectively induced 
target-specific RNAi in a silkworm cell line. We 
further established a method to purify expres-
sion plasmids containing IR DNA. Our new 
methods provide techniques for the construction 
of long hairpin RNA (lhRNA) expression plas-
mids for silencing specific genes in silkworms 
and other organisms, and offer a fundamental 
methodology for constructing an lhRNA expres-
sion library from a cDNA plasmid library.

DNA polymerase. This method consists of the 
following steps: (1) linearization of the plasmid 
with a nick by using a restriction enzyme and 
a nicking endonuclease, (2) formation of the 
hairpin-loop DNA at the end near the IDF of the 
linearized plasmid, (3) insertion of a nick at the 
other end of the IDF by a nicking endonuclease, 
(4) execution of the strand displacement reaction 
from the nick to synthesize IR DNA, and (5) 
self-ligation of the linear double-stranded DNA. 
The IR DNA-containing expression plasmids 

Fig. 2. Optical images of mouse myeloma cells in the presence of untreated cotton fiber (a) and C10-D (b).
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Si lkworm cocoon f lavonoids with UV-
shielding properties are produced by a unique 
UDP-glucosyltransferase

In the silkworm, Bombyx mori, flavonoids 
absorbed from mulberry leaves are metabolized 
and accumulate in cocoons, thereby causing 
faint green coloration. Classical genetic studies 
suggest that the Gb locus is associated with this 
cocoon trait. Major components of flavonoids 
in the cocoons of individuals inheriting Gb are 
quercetin 5-O-glucosides such as quercetin 
5,4´-di-O-glucoside. In +Gb individuals, glucosyl-
ation at the 5-O position of dietary quercetin did 
not occur and the total amount of flavonoids in 
tissues and cocoons was dramatically reduced, 
suggesting that Gb controls the synthesis of 
quercetin 5-O-glucosides, probably by regulating 
the activity of UDP-glucosyltransferse with 
a preferred 5-O regioselectivity for quercetin 
(Q5GT activity). We performed positional 
cloning of Gb and found a 38-kb deletion in a 
UDP-glucosyltransferase (UGT) gene cluster 
associated with the +Gb allele. RT-PCR and 
biochemical studies suggested that deletion 
of UGT (Bm-UGT10286) is responsible for Gb 
and Bm-UGT10286 is virtually the sole source 
of UGT activity toward the 5-O-position of 
quercetin. Furthermore, we investigated 
whether flavonoids could increase the UV-
shielding activity of cocoons. We extracted 
flavonoids from cocoons of each genotype of 
No. 939 strain (Gb/+ and +Gb/+Gb) and ap-
plied them to cocoons of Annam strain, which 
originally contain low amounts of flavonoids. 
The average transmittance of UV-B through 
the cocoon shells of Annam was 3.9% (Fig. 1A). 
When we applied the extract of Gb/+ cocoons 
to the cocoons of Annam, this value decreased 
10-fold to 0.38%. However, when we applied the 
extract of +Gb/+Gb cocoons, the transmittance 
did not decrease significantly (3.1%). There 
was also a clear difference in pupation rates 
when naked prepupae were placed in Annam 
cocoons with or without applied flavonoids. 

Insect Interaction Research Unit

Chromosomal location of a new gene for 
resistance to the green rice leafhopper, 
Nephotettix cincticeps Uhler, in the rice culti-
var Nona Bokra

The green rice leafhopper (GRH), Nephotettix 
cincticeps Uhler (Homoptera: Cicadellidae), is an 
insect pest of rice and is distributed in temper-
ate Asia. GRH causes direct damage by sucking 
sap from the xylem and phloem of susceptible 
rice varieties and indirect damage by transmit-
ting viral and phytoplasmal diseases. The 
control of this insect depends exclusively on the 
use of insecticides; however, this practice often 
brings about problems such as the development 
of insecticide resistance, environmental pollu-
tion, and disruption of natural ecosystems. To 
avoid these problems, effective biological control 
measures are required. The cultivation of GRH-
resistant varieties would be an effective method 
to control this pest. Several indica rice cultivars 
are known to be GRH resistant, and their GRH 
resistance genes have been mapped on rice 
chromosomes.

We discovered a new resistance gene in the 
indica rice cultivar “Nona Bokra”. To determine 
the chromosomal location of this GRH resistance 
gene, we first used 12 chromosome substitution 
lines (CSLs). In each line, a different chromo-
some of the indica cultivar “Nona Bokra” was 
substituted into the genetic background of a 
GRH-susceptible japonica cultivar “Koshihikari.” 
The substituted chromosomes cover al l 
chromosomes derived from Nona Bokra in the 
entire set of CSLs. Bioassays revealed that one 
CSL with the chromosome 5 region derived 
from Nona Bokra in the genetic background of 
Koshihikari was GRH resistant, while the other 
11 CSLs did not show resistance to GRH. These 
results indicated that the GRH resistance gene 
in Nona Bokra was located on chromosome 5.
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slowly and/or infrequently, predators should 
use past information more often than would be 
the case when the environment changes rapidly 
and/or often. The objective of the current study 
is to investigate how the predatory mite N. 
womersleyi uses HIPV (present information) and 
past experiences in patch-leaving decisions un-
der conditions in which the rate of environment 
change varies. We expected the informational 
value of HIPV to change according to foraging 
conditions, for example, the predators use HIPV 
more when the foraging condition is unstable. 
The residence time of eight populations of the 
predatory mite were tested using kidney bean 
leaf disc in a wind tunnel as a mimic prey 
patch after rearing under stable condition or 
unstable condition. When predators were reared 
under the unstable rearing condition, patch-
leaving tendencies were increased by HIPV in 
the airflow (Fig. 2). On the other hand, patch-
leaving tendencies of predators reared under 
stable rearing conditions were not affected by 
the HIPV (Fig. 3). These results suggest that 
the informational value of HIPV in a predator’
s patch-leaving decision would differ depending 
on foraging conditions.

As shown in Fig. 1B, the application of cocoon 
extracts from Gb/+ conferred almost perfect 
tolerance to UV-B irradiation, but this was 
not observed when we used the extract from 
+Gb/+Gb cocoons. These results suggest that 
5-O-glucosylated quercetins, synthesized primar-
ily by Bm-UGT10286, increase the UV-shielding 
activity of cocoons and thus could confer an in-
creased survival advantage to insects contained 
in them.

Foraging experiences affect the importance 
of chemical cues in patch-leaving decision of 
Neoseiulus womersleyi

The predatory mite, Neoseiulus womersleyi, is 
known as an effective natural enemy of spider 
mites. Spider mites are patchily distributed 
in a habitat, and transient. In order to decide 
the optimal residence time in a prey patch, 
predators must evaluate the resource level both 
inside and outside a current patch. To evaluate 
the resource level outside the current patch, the 
predatory mite uses herbivore-induced plant 
volatiles (HIPV) from outside the patch as pres-
ent information and foraging experience as past 
information. When the environment changes 

Fig. 1. UV-shielding effect of flavonoids in the cocoon.

Transmittance ratio of UV-B through the cocoon shells of the strain Annam with or without (-) application 
of flavonoids. We extracted flavonoids from cocoons of each genotype of No. 939 strain (Gb/+ and +/+) 
and applied them to cocoons of Annam. Bars with different letters are significantly different (p<0.01, 
Tukey’s test). (B) UV-shielding effect of flavonoids applied to the cocoon. Prepupae of Annam were 
removed from their own cocoons and placed in Annam cocoons with or without (-) application of 
flavonoids extracted from the cocoons of each genotype of No. 939 (Gb/+ and +/+).
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Volatile attractant phytochemicals for a 
populat ion of white-spotted longicorn 
beetles Anoplophora malasiaca (Thomson) 
(Coleoptera: Cerambycidae) fed on willow 
differ from attractants for a population fed on 
citrus

Male white -spotted longicorn beet les 
Anoplophora malasiaca raised on willow Salix 
schwerinii were preferentially attracted to the 
odour of wounded S. schwerinii branches when 
released near a female model in the laboratory. 
This attractiveness rapidly decreased within 2 
h after wounding (Fig. 4a). Solid phase microex-
traction and subsequent gas chromatography 
analyses of volatiles from the wounded branches 
detected three highly volatile monoterpenes: 
1,8-cineole, nerol and geraniol, which rapidly 

Fig. 3. Patch-leaving tendencies after rearing in the stable condition.

Patch-leaving tendencies of eight N. womersleyi populations in the presence (black 
bars) and absence (white bars) of HIPV.

Fig. 2. Patch-leaving tendencies after rearing in the unstable condition.

Patch-leaving tendencies of eight N. womersleyi populations in the presence (black 
bars) and absence (white bars) of HIPV.

decreased within 2 h after wounding (Fig. 4b). 
Among the monoterpene compounds, nerol 
showed a significant attractiveness to the male 
beetles raised on Salix (Fig. 5). Sesquiterpene 
hydrocarbons, which have been identified as 
attractants for a beetle population raised on 
citrus, were detected only in trace amounts in S. 
schwerinii branches. These results suggest that 
beetles raised on these two hosts use different 
odour cues for mate location. Volatile chemicals 
from the wounded branch also evoked mate lo-
cation to a mate model, i.e., the chemical-induced 
visual location observed in a Citrus population 
also occurred in the Salix population. The host 
plant volatiles emitted by beetles’ feeding evoke 
mate location by conspecific individuals. In both 
Citrus and Salix populations, male response was 
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emitting attractant pheromone in this species, 
volatiles from host branches that are wounded 
during feeding by females may be a key factor 
in the mate searching activity of distant males, 
even if the mate location chemicals of A. mala-
siaca are as diverse as those of the host plants.

higher than female response to the wounded 
host branches. The chemical signal from 
wounded branches may be used by males as 
mate information, i.e., as an indication that a 
female is now feeding on a host branch. Females 
spend more time on feeding, and males have a 
higher mobility. Because there is no evidence of 

Fig. 4. Male responses to the volatiles of S. schwerinii branches in relation to time lapse after wounding and 
GCMS analyses of those volatile chemicals.

a: Male responses to wounded S. schwerinii branches in relation to time lapse from 0 to 18 h after wounding. 
Frequency of male response to intact branch was 0%. The number of replicates was 20. *:Simple regression 
was marginally significant at p = 0.052. b: SPME-GCMS analyses of volatile chemicals of wounded S. 
schwerinii branches 0 h, 1 h, and 2 h after wound.

Fig. 5. Male responses to authentic chemicals.

3Mix: 1,8-cineole (300 ng) + nerol (300 ng) + geraniol (600ng). Values accompanied by 
the same letter are not significantly different at 5% level, by n × 2 chi-square test and 
subsequent paired chi-square test at Bonferroni’s corrected p value. Values in parentheses 
indicate number of replicates.
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candidate resistance gene based on the gene 
map and genome information of silkworm.

Characterization of the nonstructural polypro-
tein precursor of dicistroviruses

The Dicistroviruse group is composed of small 
RNA viruses that infect invertebrates, such as 
insects and crustacea. Several dicistroviruses 
are important pathogens for honeybees and 
penaeid shrimp. The polyprotein precursors for 
replicases of dicistroviruses are autoprocessed 
by the viral protease encoded in the precursor. 
Although the precursor contains conserved 
motifs similar to those of picornaviruses, the 
cleavage sites in the precursor of dicistroviruses 
were not known which prevented functional 
analysis of nonstructural proteins. The Plautia 
stali intestine virus (PSIV: family, Dicistroviridae; 
genus, Cripavirus) is one of the most investi-
gated dicistroviruses. We cloned cDNAs of PSIV 
polyproteins and revealed that PSIV encodes a 
3C-like protease for production of mature pro-
teins from the polyprotein precursor. We identi-
fied cleavage sites in the PSIV nonstructural 
polyprotein precursor by N-terminal sequence 
analyses and mutation analysis. The polyprotein 
contained nine proteins arranged as follows: 
2A, 2B, 2C, 3A, 3B1, 3B2, 3B3, 3C, and 3D (Fig. 1). 

Insect-Microbe Research Unit

Map-based cloning of entomopathogenic 
fungus Beauveria brongniartii resistance gene 
from Bombyx mori

It is important to understand the molecular 
interactions involved in the defense mecha-
nisms that insects have against pathogens in 
order to improve the insecticidal efficiency 
of microbiological insecticides and to develop 
countermeasures against resistance develop-
ment in insect pests. We study interactions 
between silkworm and the entomopathogenic 
fungus Beauveria brongniartii, a pathogen 
of some longicorn beetles that are important 
pests of maple, citrus, and mulberry trees. B. 
brongniartii usually shows low pathogenicity to 
silkworms. However, we found one silkworm 
strain that is highly susceptible to this fungus. 
Susceptibility to the fungus was examined in 
the susceptible strain, a resistant strain, the 
F1 generation of crosses between both strains, 
and BC1 backcrossed generation. After inocula-
tion with B. brongniartii, surviving resistant 
silkworms were examined for resistance genes 
in the Bombyx chromosomes using SNP (single 
nucleotide polymorphism) markers. We clarified 
that a major dominant gene of resistant strains 
confers resistance to this fungus. We are nar-
rowing down the chromosomal position of the 

Fig. 1. Comparison of genome structure between dicistroviruses (PSIV) and picornaviruses.

The dicistroviral genome is characterized by the presence of intergenic internal ribosome entry 
sites (IGR IRES) and replicated VPg coding sequences (3B1-3).
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Using the results of PSIV, we predicted cleav-
age sites in polyproteins of other dicistroviruses. 
This result would facilitate functional analysis of 
nonstructural proteins in dicistroviruses.

Characterization of a cotton aphid-transmit-
ted virus, pepper vein yellows virus (Family, 
Luteoviridae; Genus, Polerovirus) 

Aphids are important plant virus vectors. 
Since 1981, bell pepper plants (Capsicum 
annuum L. var. grossum Sendt.) in Okinawa 
Prefecture have been showing disease symp-
toms of vein yellowing and leaf rolling (Fig. 
2). A luteo-like virus was detected in diseased 
phloem tissues and was found to be transmitted 
by the cotton aphid (Aphis gossypii Glover) in 
a persistent manner (Fig. 2C). The virus was 
named pepper vein yellows virus (PeVYV) 
but the genome sequence of the virus has not 
been analyzed. Because the luteoviruses are 
localized in the phloem, the densities of the 
viruses in plants are low and purification of the 
luteoviruses is generally difficult. Therefore, we 
extracted nucleic acids of PeVYV from the cot-
ton aphids that fed on PeVYV-infected bell pep-
per plant, and determined the complete genome 
sequence of the virus. The length of the RNA 
genome of PeVYV was 6,244 nts. The genome 
of PeVYV contained six major open reading 
frames (ORFs) resembling those of poleroviruses 

in arrangement and nucleotide sequence. 
Phylogenetic analyses also supported that 
PeVYV is a member of the genus Polerovirus. 
Recently, partial genome sequences of pepper 
yellow leaf curl virus (PYLCV) from Israel and 
pepper yellows virus (PYV) from Turkey have 
been reported. The available genome sequences 
of PYLCV and PYV were highly similar to the 
genome sequence of PeVyV, suggesting that the 
two viruses are geographic variants of PeVYV. 
The disease caused by these viruses appears to 
be spreading in East and West Asia.

Effect of feminizing Wolbachia  on sex-
specific splicing of doublesex during host 
immature stages: insights into developmental 
manipulations

In some strains of a butterfly Eurema man-
darina, naturally occurring Wolbachia, bacterial 
endosymbionts of invertebrates, transform 
genetic male individuals into functional females. 
We previously revealed that doublesex (dsx), one 
of the sex determining genes, was subjected to 
female-specific splicing in genetic male individu-
als that were feminized by Wolbachia. Here, we 
examined dsx splicing patterns in various im-
mature stages of feminized and non-feminized E. 
mandarina. In the non-feminized E. mandarina, 
every individual sampled at 3rd-instar stage, 4th-
instar stage, 5th-instar stage, pupal stage and 

Fig. 2. Symptoms of bell pepper plants (Capsicum annuum) induced by Pepper vein yellows virus (PeVYV).

A: Yellowed veins of bell pepper caused by PeVYV. B: Pepper fruit shows severe discoloration and 
deformation caused by PeVYV. C: Cotton aphid (Aphis gossypii), vector of PeVYV. Bar size is 1 mm.
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adult stage exhibited either exclusively male or 
exclusively female splice forms, demonstrating 
that sex-specific splicing of dsx is consistent 
with their genotypic sex all through their devel-
opment. In the feminized E. mandarina, on the 
other hand, all the individuals sampled at the 4th-
instar stage and some of the individuals sampled 
at 5th-instar and pupal stages exhibited both 
male splice forms and female splice forms. In ad-
dition, all the individuals sampled at adult stage 
and some of the individuals sampled at 5th-instar 
and pupal stages exhibited exclusively female 
splice forms. These results imply that the effect 
of feminizing Wolbachia on sex-specific splicing 
of dsx is not fully expressed during immature 
host stages. It is likely that the feminizing 
Wolbachia continuously act on genetically male 
hosts during larval development to accomplish 
exclusive female-specific splicing of dsx at the 
adult stage. Considering the significant increase 
of Wolbachia population densities between 5th-
instar stage and pupal stage of E. mandarina, 
the actual amount of Wolbachia cells is likely to 
be important for complete feminization.

Symbiotic bacteria in plant-virus vector 
Nephotettix cincticeps and their genome 
analyses

The rice green leafhopper, N. cincticeps, 
harbors four kinds of symbiotic bacteria. 

Two kinds of bacteria were found in a pair of 
bacteriomes (Fig. 3), which are specific organs 
for the bacteria and are located in the abdomen. 
These two bacteriome bacteria, which appear to 
be required by leafhoppers, were classified into 
members of the genus Sulcia and the class beta-
proteobacterium based on phylogenetic analyses. 
The other two kinds of bacteria were rick-
ettsia, which are not required by leafhoppers; 
elimination of these rickettsia did not disturb 
development of the leafhopper. These rickettsia, 
RicA and RicB, are found in the cytoplasm and 
nuclei of the cells of the leafhopper (Fig. 3). To 
elucidate functions of these symbiotic bacteria, 
whole genome sequences were determined 
using Sanger sequencing and next-generation 
sequencing methods. The bacteriome symbionts 
were collected from the bacteriome dissected 
from hundreds of leafhoppers and partially puri-
fied using filters for genome DNA preparation. 
RicA was cultivated in insect cells, collected 
from the cultured cells, and purified using 
Percoll density gradient centrifugation. The ge-
nome size of Sulcia and beta-bacteria were 192 
kb and 114 kb, respectively. Beta-proteobacteria 
possess the smallest genome characterized in 
bacteria so far. The sequence of most of the 1.6 
Mb RicA genome has been determined.

Fig. 3. Electron micrograph of bacteriome symbionts in the bacteriome of Nephotettix cincticeps.

A, Sulcia; B, betaproteobacteria; N, nucleus; R, rickettsia. Bar size is 2 µm.
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Silk-Material Research Unit

The Silk-Materials Research Unit develops 
applied technologies for silk proteins produced 
by silkworms, spiders and hornets. We study 
physicochemical properties of these silk proteins 
and their interactions with living body-like cells. 
We develop new materials directed towards use 
in medical areas such as cartilage regeneration 
scaffolds and wound dressings. We also use 
transgenic and chemical processes to develop 
fabrication technologies and to improve the 
functional properties of the silk proteins.

Influence of the kind of silk fibers as a source 
of fibroin on properties of fibroin sponges

The characteristics of fibroin molecules deter-
mine the properties of fibroin sponge materials. 
The study of silk fibers as a source of fibroin 
molecules, therefore, is important for reliable 
production of fibroin sponges that have well 
controlled structures and mechanical properties. 
We investigated the influence of the kind of silk 
fibers as the source of fibroin molecules on the 
mechanical properties of fibroin sponges. Several 
kinds of silk fibers produced by different silk-
worm strains were analyzed by gel permeation 
chromatography, and then fibroin sponges were 

formed and the tensile strength and modulus 
of the sponges were measured. No significant 
differences in molecular weight and distribution 
were observed among the strains. On the other 
hand, the degumming and dissolving process 
influenced the molecular size of fibroin. There 
were no significant changes in the tensile 
properties of fibroin sponges among the strains, 
but the molecular size of fibroin affected the 
mechanical properties of fibroin sponges. These 
results indicate the degumming and dissolving 
process should be controlled for determining the 
characteristics of fibroin sponges.

Water vapor permeability of sericin gel film in 
dry and wet states

The highly hydrophilic nature of silk sericin 
makes it a promising candidate for developing 
novel medical and cosmetic materials. Sericin 
gel film has high water absorption capacity and 
mechanical strength. Sericin gel films have been 
developed by a novel film-forming process via 
gelation of sericin solution, and the physical and 
biological characteristics as a wound dressing 
have been investigated. In this year, the water 
vapor transmission rate (WVTR) of sericin gel 
film at 37°C was measured in both dry and wet 
states (Fig. 2). Sericin gel film in the dry state 
inhibited the transmission of water at a level 

Fig. 2. Water vapor transmission rate (WVTR) of sericin 
gel film.

Samples are filter paper, sericin gel film, commercial 
wound dressing film, and blank (open). WVTR were 
measured at dry (magenta) and wet (cyan) states at 37°C.

Fig. 1. Tensile properties of fibroin sponges prepared 
from different silk fiber sources.

1: unknown source (Marseille soap), 3: Kami-Ina (Marseille 
soap), 4: Kami-Ina (soda), 7: Chu9.0xNichi9.0 (soda), 8: 
Hakugin (soda), 9: W1pnd (soda).
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comparable to that of commercial wound dress-
ing film. In contrast, the WVTR of sericin gel 
film greatly increased when it was wetted, while 
the WVTR of the commercial wound dressing 
film showed no changes. This result would 
reflect the high water absorption property of 
sericin gel film prepared from purely natural 
protein.

Targeted mutagenesis in the si lkworm 
Bombyx mori using zinc finger nuclease 
mRNA injection

Targeted mutagenesis is one of the key 
methods for functional gene analysis .  A 
simplified variation of gene targeting uses 
direct microinjection of custom-designed Zinc 
Finger Nuclease (ZFN) mRNAs into Drosophila 
embryos. To evaluate the applicability of this 
method to gene targeting in another insect, we 
mutagenized the Bombyx mori epidermal color 
marker gene BmBLOS2, which controls the 
formation of uric acid granules in the larval epi-
dermis. Our results revealed that ZFN mRNA 
injection is effective in inducing somatic, as well 
as germline, mutations in a targeted gene by 
non-homologous end joining (NHEJ). The ZFN-
induced NHEJ mutations lack end-filling and 

blunt ligation products, and include mainly 7 bp 
or longer deletions, as well as single nucleotide 
insertions. These observations suggest that 
the B. mori double-strand break repair system 

Fig. 3. Silkworms with somatic and germline mutations.

Mutagenesis in epidermal cells of G0 silkworms was 
detected by screening for oily mosaics in 5th instar 
larvae, which appeared predominantly on the ventral side 
(A), and rarely on the dorsal side (B). Ventral and dorsal 
sides of silkworms with normal epidermis are shown for 
comparison (C and D, respectively). Germline mutations 
were detected by the presence of a complete oily 
phenotype. G1 mutant and normal larvae in the final instar 
are shown in E and F, respectively.

Fig. 4. Assay system for the incorporation of unnatural amino acids (phenylalanine analogs) into the protein-
synthesizing machinery of silkworm.

B. mori PheRS were expressed in BmN cells along with EGFP (model protein). After affinity purification, EGFP 
was digested with trypsin and subjected to mass spectrometric (MS) analysis.
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relies on microhomologies rather than on a 
canonical ligase IV-dependent mechanism. The 
frequency of germline mutants in G1 suggested 
the possibility that gene targeting screening 
could rely solely on molecular methods.

Development of an assay system for the in-
corporation of unnatural amino acids into the 
protein-synthesizing machinery of silkworm

To develop silk proteins containing unnatural 
amino acids, phenylalanyl-tRNA synthetase 
(PheRS) genes were cloned from the silk glands 
of the domesticated silkworm (B. mori) and 
PheRS substrate specificity was relaxed by 
point mutation. In this year, the assay system to 
investigate the function of the B. mori PheRS 
mutants in vivo was developed using the BmN 
cell line of silkworm. The plasmids encoding 
the two subunits of the B. mori PheRS and 
the model protein (EGFP, Enhanced Green 
Fluolescent Protein) were transfected in BmN 
cells. After transfection, the cells were cultured 
over several days. EGFP expressed in BmN 
was affinity-purified and subjected to mass 
spectrometric analysis after enzyme digestion. 
Some peptide fragments containing one or 
two phenylalanines were identified. With the 
addition of unnatural amino acids (phenylalanine 
analogs) in the cell culture medium, incorpora-
tion of the analogs into EGFP can be assayed 
from mass changes detected in the peptide 
fragments containing phenylalanines. This assay 
system enables us to investigate the incorpora-
tion efficiency of unnatural amino acids into the 
protein-synthesizing machinery of silkworm.

Analysis of the relationship between mechani-
cal properties and structures of hornet silk gel 
films

Hymenopterans, such as honeybees, wasps, 
ants and hornets, also produce silken cocoons in 
the late larval stage. We found that the fibrous 
protein of the cocoons of yellow hornet (Vespa 
simillima, Vespinae, Vespidae) exhibits excellent 
solubility and ease of fabrication into film. The 
native structure of the hornet silk (HS), in which 
Vssilk 1–4 have an α-helix domain with coiled-
coil α-helices and a β-sheet domain, is restored 
when hornet silk gel films (HSGFs) are formed 

by pressing and drying HS hydrogel. The HSGF 
can be stretched in the wet as well as dry 
state. Because the HSGF stretches uniformly 
in the wet state with a draw ratio (DR) of 2, 
we can obtain drawn samples with accurate 
DR control. This makes it possible to carry 
out a detailed analysis of the changes in the 
structure and physical properties of the HSGF 
during wet drawing. Drawing helps obtain high-
performance films with a maximum tensile 
strength and tensile modulus of 170 MPa and 
5.5 GPa, respectively. Drawing-induced changes 
in the conformation of the coiled-coil structure 
have been investigated. The results of a solid-
state NMR experiment (Fig. 5) indicate that the 
Ser residues, which mostly exist in the Ser-rich 
domain, are almost unchanged even after draw-
ing, while the Ala residues, which mostly exist 
in the Ala-rich domain, transform from an α
-helix to a β-sheet conformation upon drawing. 

Fig. 5. 13C CP/MAS NMR spectrum of the native hornet 
cocoon produced by larva of Vespa simillima xanthoptera 
(A) and expanded spectra for the 0–90 ppm region, along 
with the 13C CP/MAS spectra for the hornet silk gel films 
(HSGFs) with various draw ratios (B).
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(Fig. 6). These results confirmed that FLC-4 cells 
cultured in Lac-CY-SF sponges had high expres-
sion of liver-specific functions after 3 weeks of 
culture.

Fiber formation of a short peptide from spider 
silk

Artificial spider dragline silk is currently 
prepared by a recombinant technique or chemi-
cal synthesis. The recombinant process is costly 
and large-sized peptides are needed for fiber 
formation. In this study, a short peptide was 
chemically synthesized and examined for its 
ability to participate in fiber formation. A short 
synthetic peptide derived from Nephila clavata 
was prepared by a solid-phase peptide method, 
based on a prediction using the hydrophobic 
parameter of each individual amino acid 
residue. After purification of the spider short 
peptide, fiber formation was examined under 
several conditions. Fiber formation proceeded 
in the acidic pH range, and larger fibers were 
produced when organic solvents such as tri-
fluoroethanol (TFE) were used at an acidic pH. 
Circular dichroism measurements of the spider 
short peptide indicate that the peptide has a β
-sheet structure (Fig. 7).

The Ser-rich domain in HS preferentially adopts 
a β-sheet conformation. Therefore, we consider 
that the highly ordered component is attribut-
able to the β-sheet in the Ala-rich domain and 
not to that in the Ser-rich domain.

Gene expression related to liver functions 
in human hepatocellular carcinoma-derived 
FLC-4 cells cultured in Lac-CY-SF sponges

We developed three-dimensional porous 
sponges composed of lactose-modified silk 
fibroin (Lac-CY-SF) bearing hepatocyte-specific 
b-galactose residues. FLC-4 cells were cultured 
in the sponges of Lac-CY-SF, silk fibroin (SF) 
and collagen for 3 weeks, and expression of the 
genes related to liver functions in FLC-4 cells 
at day 21 was examined by RT-PCR analysis. 
The expression of mRNA for transferrin, 
which is one of the serum proteins produced 
by hepatocytes and liver-specific proteins, was 
observed in the FLC-4 cells cultured in Lac-CY-
SF sponges but not in the cells cultured in SF 
and collagen sponges (Fig. 6). We also examined 
gene expression for hepatocyte nuclear factor 
(HNF)-4a which is one of the key regulators 
of differentiated functions of hepatocytes. The 
expression of mRNA for HNF-4a was detectable 
only in the cells cultured in Lac-CY-SF sponges 

Fig. 6. RT-PCR analysis of transferrin and 
HNF-4a mRNA in FLC-4 cells cultured in 
sponge samples for 21 days.

Fig. 7. CD spectra of the synthetic peptides.

The solid and dotted lines represent the spectra in aqueous 
media and trifluoroacetic acid/water (0.05% TFE) solution, 
respectively.

[θ]

Wavelength, nm
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Fig. 2. Physical properties of the new type of silk bed pad, “Silk-Fill”.

Fig. 1. Manufacturing process of the new type of silk bed pad, “Silk-Fill”.

Silk-Technology Unit

The unit is conducting research to breed new 
silkworm races having specific filament char-
acters such as high strength or luster to obtain 
new medical materials or a unique textile. It 
also develops sanitary and bedding materials for 
babies, invalids and elderly that take advantage 
of the moisture absorption and insulation char-
acteristics of silk. The selected research topics 
of 2010 from the present research unit are as 
follows: 

Development of a new type of silk bed pad 
“Silk-Fill”

Several years ago, we developed the “Silk-
wave bed pad” in which cocoon filaments were 
reeled up in a separate state from a large 
number of cocoons (1,500–2,000 cocoons), dried 
perfectly and wound on a big wheel. In this type 
of silk bed pad, cocoon filaments are separated 
from each other and a sericin layer remains on 
the surface of cocoon filaments. 

1. Mass reeling 2. Degumming 3. Drafting

4. Making bed pad 5. Wrapping by cloth 6. Bed pads
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properties compared with cotton, wool and floss 
silk bed pads (Fig. 2).

It should be noted that this new type of bed 
pad was ranked high (the 4th place in the total 
ranking and the 1st place in the index of [pr
actical+marketable+innovative]) in the 2nd 
Technology Trend Survey, 2011 by the Nikkei 
Newspaper. This bed pad is expected to be 
used not only as a sleeping bed pad but also for 
clothing pads such as outer wear, under wear, 
sports wear and so on.

The new type of silk bed pad is different from 
“Silk-wave bed pad”, that is, a large number 
of cocoons were reeled up and wound on a 
big wheel in wet state (Fig. 1-1), and then the 
silk thread was degummed to remove sericin 
from the cocoon filaments (Fig. 1-2). Next, the 
silk threads, which were composed of fibroin 
filaments only, were dried and expanded by a 
draft force machine (Fig. 1-3). The new type of 
silk bed pad manufactured in this way (Fig. 1-4) 
has higher bulkiness and pressure recovery 
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Division of Animal Sciences

The Division of Animal Sciences consists of 
Animal Genome Research Unit, Reproductive 
Biology Research Unit, and Neurobiology 
Research Unit.

Research Background
Animal products, which are nutritionally 

better balanced and abundant in essential 
amino acids, are important for human diets. 
In Japan, low cost and high quality livestock 
production must be achieved, despite the severe 
limitation of land resources and high labour 
cost in comparison with countries such as 
U.S.A. or Australia. In order to overcome these 
difficulties, it is important to improve livestock 
production technology, especially in animal 
breeding, reproduction, and management. In 
addition to the pursuit of economic efficiency, 
the concept of animal welfare has recently 
encouraged American and European countries 
to provide new standards for domestic animal 
management. Moreover, in new industries other 
than livestock production, there is a global com-
petitive environment for research on transgenic 
domestic animals. On the other hand, gene 
sequencing in domestic animals is conducted 
in collaboration with international consortiums. 
The Animal Science Division accumulated 
genome information and has systematically used 
the information to improve domestic animals 
and create transgenic domestic animals for 
other fields such as medicine. To counteract the 
recent decrease in 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 behaviour would largely contribute 

to the development of animal production and 
husbandry. We have contributed internationally 
by participating in the international consortium 
on swine genome sequencing.

Animal Genome Research Unit aims to im-
prove 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 the 
proliferation and differentiation of germ cells 
and stem cells, the molecular mechanism of 
meiosis, and the process of implantation and 
placental formation.

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

The major research topics in the fiscal year 
2010 are described in the following pages.
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Animal Genome Research Unit

Involvement of Toll-like receptors (TLRs) in 
recognition of Salmonella enterica in pigs and 
influence of polymorphisms in the TLRs on 
the recognition response

Toll-like receptors (TLRs) play vital roles in 
innate immunity by recognizing conserved mi-
crobial components, and consequently they pro-
mote proper activity of adaptive immunity. The 
TLR molecules are type I transmembrane gly-
coproteins with extracellular domains containing 
variable numbers of leucine-rich-repeat (LRR) 
motifs, a single transmembrane domain, and a 
cytoplasmic signaling region composed mainly 
of a Toll/interleukin-1 receptor (TIR) domain. 
Polymorphisms in TLRs are associated with 
resistance and susceptibility to various diseases. 
Associations of many infectious diseases with 
polymorphisms in TLRs have been reported 
for humans. In our previous studies, we found 
many polymorphisms in porcine TLR genes. We 
also observed that most of the nonsynonymous 
single nucleotide polymorphisms (SNPs) in the 
coding sequences of genes encoding TLRs 
expressed on the cell surface were present in 
the extracellular region involved in pathogen 
recognition, rather than the intracellular region. 
This observation suggested there are influences 
of the amino acid alterations resulting from the 
polymorphisms on recognition of the pathogens 
that cause serious damage in the pig industry.

Salmonella enterica is a facultative anaerobic, 
gram-negative, peritrichously flagellated rod 
bacteria, and a highly invasive pathogen causing 
enteric and septicemic diseases. Salmonella 
enterica serovar Choleraesuis (SC) has a nar-
row host range and predominantly infects 
pigs and occasionally humans, whereas other 
serovars, such as Salmonella enterica serovar 
Typhimurium (ST), have broad host ranges. SC 
can cause enterocolitis, pneumonia, septicemia, 
and hepatitis in pigs, and it is more serious than 
ST infection, which usually causes only entero-
colitis. Human systemic infections caused by 
SC are considered to be acquired from pigs. As 

shown above, Salmonella enterica causes a seri-
ous problem both in pig livestock and zoonotic 
infections.

We examined involvement of porcine TLR 
molecules in recognition of SC by luciferase 
reporter assays in which HEK293 cells were 
transiently transfected with expression vectors 
carrying TLR genes. Single transfection with 
the TLR2 or TLR5 expression vector augment-
ed nuclear-factor kappa B (NF-κB) induction 
in a dose-dependent manner after stimulation 
with SC (Fig. 1). Cotransfection of TLR1 with 
TLR2 achieved nearly twice the response to 
SC compared to TLR2 alone, but addition of 
TLR6 to TLR2 showed a similar level of NF-
κB induction to that with TLR2 alone. These 
results indicate that TLR5 and the TLR2–TLR1 
heterodimer are involved in the recognition 
of SC. We also observed that transfection of 
TLR2 alone showed activity to a certain degree 
possibly by forming a heterodimer with an 
endogenous TLR1 molecule in HEK293.

Furthermore, we verified the relationship 

Fig. 1

Fig. 1. TLRs involved in the recognition of Salmonella 
enterica serovar Choleraesuis (SC).

HEK293 cells were transiently cotransfected with 
porcine TLR1, TLR2, TLR5, or TLR6 expression vector, 
or combinations of these vectors, or empty vector (EF6), 
together with an NF-κB reporter and a Renilla luciferase 
control. Cells were stimulated for 5 h, and luciferase 
activity was then measured.
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of polymorphisms of TLR genes that we had 
detected in pig populations with ability to recog-
nize ligands and cell bodies of SC. We previously 
reported 20, 10, and 12 nonsynonymous SNPs 
in porcine TLR1, TLR2 and TLR5, respectively. 
We conducted luciferase reporter assays with 
expression vectors carrying each of the SNPs in 
the porcine TLR genes. TLR5R148L transfectant 
showed about half the NF-κB induction by the 
reference vector after stimulation with SC and 
flagellin, a ligand of TLR5. TLR5P402L transfectant 
showed about one-third the NF-κB induction of 
the reference (Fig. 2A). In the case of TLR2, a 
TLR2V703M mutant vector decreased responses to 
SC and Pam3CSK4, a ligand of the TLR2–TLR1 
heterodimer, by nearly half (Fig. 2B). TLR5R148L 

and TLR5P402L may have direct impacts on 
interactions with the pathogen because of their 
locations in LRR domains of the extracellular re-
gion (Fig. 3). On the other hand, TLR2V703M may 
affect signal transduction to the downstream 
molecules because it is located in the TIR 
domain of the intracellular region.

The particular polymorphisms of TLR mol-
ecules affecting ability to recognize a pathogen, 
as shown in this study, may be good indices 
for pig breeding aimed at disease resistance. 
We are planning to investigate effects of these 
polymorphisms in vivo to evaluate the possibil-
ity of utilizing them in breeding of pigs with 
resistance against salmonellosis.

Fig. 2. Influence of amino acid polymorphisms in porcine TLR5 (A) and TLR2 (B) on the recognition of 
Salmonella enterica serovar Choleraesuis (SC).

HEK293 cells were transiently cotransfected with one of the TLR-mutant vectors, together with an 
NF-κB reporter and a Renilla control. Cells were stimulated for 5 h, and luciferase activity was then 
measured. EF6, empty vector.

Fig. 3. Predicted structure of porcine TLR5.

The models of TLR5 (yellow and turquoise) were aligned to the structures of TLR4–MD-2 complex (A) 
or TLR3–RNA complex (B) and are shown with MD-2 (pink) or RNA (purple) molecules from the original 
complexes. R148 and P402 residues in one of the TLR5 molecules (yellow) are shown.
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Identification of the vertnin (VRTN) gene af-
fecting the number of vertebrae in domestic 
pigs

Wild boars, which are the ancestors of modern 
domestic pigs, have 19 vertebrae. In comparison, 
European commercial breeds have increased 
numbers ranging from 20 to 23. These breeds 
have long been selectively bred for enlargement 
of body size in order to increase meat produc-
tion and improve reproductive performance. 
This process has presumably increased the 
number of vertebrae.

In previous studies, we reported two quantita-
tive trait loci (QTLs) for number of vertebrae on 
Sus scrofa chromosomes (SSCs) 1 and 7. These 

two QTLs acted independently, and each had 
a mainly additive effect (approximately 0.55 
and 0.60 per allele, respectively). At the QTL 
on SSC1, we found a 300-kb region fixed in the 
number-increase alleles; the gene encoding an 
orphan nuclear receptor/germ cell nuclear fac-
tor (NR6A1/GCNF) was located in this region. 
However, genetic variation of NR6A1/GCNF 
was not detected in the current commercial-
breed pigs.

In this report, we describe our map-based 
study of the QTL on SSC7 which was respon-
sible for the variation in vertebral number in 
commercial-breed pigs and that may affect 
many phenotypic traits. We first evaluated 

Fig. 4. Haplotype analysis in AY population and parent pigs of F2 families.

Haplotypes of microsatellite (MS) markers were analyzed in individuals for which allele types at the QTL were 
determined. The two homologous chromosomal regions for each individual are shown arbitrarily as Left 
(L) or Right (R). In AY population, some of the genetic intervals between SJ7059 and SJ7001 had identical 
haplotypes, and two individuals are shown for each haplotype. Haplotype analysis was also performed in the 
parent pigs of the F2 families of our previous study (lower part). Numbers in each marker column are the sizes 
of alleles as amplified DNA fragments (in bp). Red boxes indicate conserved regions for the Q allele in the 
AY population and in the parent pigs of the F2 families. Markers common to the two conserved regions are 
indicated in red letters (i.e., SJ7121 and SJ7114). Breeds are: W, Large White; L, Landrace; B, Berkshire; D, 
Duroc. Family AY is the AY population and the others are F2 families constructed with Landrace ♀ and Wild 
boar ♂ (LWb), Meishan and Landrace (ML), Landrace and Meishan (LM), Meishan and Large White (MW), 
Jinhua and Large White (JW), Berkshire and Clawn miniature (BC), Jinhua and Duroc (JD), and Large White 
and Wild boar (WWb).
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the QTL types of sires and dams in a closed 
breeding population of Large White (AY 
population) by using half-sib analysis. We found 
nine heterozygotes that had the wild-type (wt) 
and the number-increase (Q) alleles. We also 
found six homozygotes (five Q/Q and one wt/
wt animals) with a multiple comparison test. We 
therefore had 19 Q alleles and 11 wt alleles. For 
these 30 alleles in 15 animals, the haplotypes of 
66 microsatellite (MS) markers were determined 
within the 95% confidence interval (approxi-
mately 5 cM, or 9 Mb). We searched haplotypes 
of some of the markers fixed within the interval 
of the Q allele, and found that the haplotypes of 
seven markers, from SJ7121 and SJ7103, were 
conserved among the 19 Q alleles of the AY 
population (upper red box in Fig. 4).

Haplotype analysis also was performed with 
the 11 European-breed pigs used as parents in 
the F2 families; the QTL alleles (14 Q and eight 
wt alleles) of these parents were characterized 
in our previous study. For the 14 Q alleles, 
the haplotypes of six markers from SJ7088 
to SJ7114 were conserved (lower red box in 
Fig, 4). Only two markers (SJ7121 and SJ7114) 

were common to these two sets of conserved 
haplotypes. The QTL was therefore judged 
to be located between the flanking markers 
SJ7126 and SJ7099, which were approximately 
41 kb apart (Fig. 5). The corresponding region 
of the human genome encodes a hypothetical 
protein, C14orf115, of unknown function. We 
cloned the corresponding cDNA from swine 
embryos by RT-PCR. The swine gene consisted 
of two exons, as in humans; the start codon, the 
acceptor and donor sites of the intron, and the 
stop codon in the second exon were identical to 
those in humans.

We analyzed the genomic structure of the 
450-kb region around the QTL and constructed 
a gene map (Fig. 5). We also developed 26 single 
nucleotide polymorphism (SNP) markers (Fig. 
6) and used them for a linkage disequilibrium 
analysis in 199 independent meat animals, for 
which the number of vertebrae was also scored. 
Three haplotype blocks were detected, and six 
SNPs presented the highest associations with 
the number of vertebrae (Fig. 6). These SNPs 
increased the number of vertebrae with an 
additive effect of 0.51 and a dominance effect 

Fig. 5. Genomic structure of the QTL region for number of vertebrae.

A. Gene map and MS markers. In humans, VRTN has been submitted to public databases as C14orf115 
encoding a hypothetical protein. Small triangles indicate positions of MS markers. Double-headed arrows 
show conserved regions for the Q allele in the AY population and in the parent pigs of the F2 families. B. The 
QTL interval defined by haplotype analyses with MS markers. The VRTN gene consisted of two exons (boxes) 
and was located in this interval. The shadowed box is the coding region. White triangles indicate positions 
of MS markers and black triangles indicate polymorphic sequence-tagged sites (STSs) in the AY population. 
Numbers in parentheses are numbers of polymorphic sites at each STS. Candidate sites from all animals in 
this study are boxed.
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of 0.04, and were located from the promoter 
region to the second exon of the gene encoding 
the hypothetical protein. These results strongly 
suggested that this hypothetical protein was 
responsible for the QTL on SSC7 for number of 
vertebrae in pigs; we named the encoding gene 
vertnin (VRTN).

Polymorphism analysis of the 41-kb region be-
tween SJ7126 and SJ7099, excluding the PRE1 
sequences (swine SINE elements), revealed 
only nine candidate polymorphism sites (Fig. 5). 
Among them, six are SNPs, one is a small inser-
tion, one is a small deletion, and the other is an 
insertion of a PRE1 element (291 bp) into the 
intron of the Q allele. These polymorphic sites 
of VRTN are highly related to the heterogene-

ity of the number of vertebrae in commercial-
breed pigs, so this information will be useful for 
genetic diagnosis in breeding populations.
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Fig. 6. Association of SNPs with vertebral number, and linkage disequilibrium analysis.

In the 450-kb region around the QTL, SNPs were developed and were genotyped by using 199 independent 
meat animals, for which the numbers of vertebrae were scored. The associations between SNPs and 
numbers of vertebrae are presented with F-values. Linkage disequilibrium was analyzed by using Haploview 
software, and the R2 values are presented in the boxes. For the two gray intervals in the graph, SNPs (minor 
allele frequency > 0.01) were not detected in our DNA samples from European breed pigs.
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Reproductive Biology Research Unit

Reproductive Biology Research Unit is seek-
ing to clarify the molecular mechanisms regulat-
ing development/differentiation of germ and 
placental cells, and stem cells such as embryonic 
stem (ES) cells in mammals. Our major research 
topics are as follows:

Evidence that offspring generated by ICSI 
(Intracytoplasmic sperm injection) of porcine 
spermatozoa grown in host mice has repro-
ductive ability

Xenografting of donor testicular tissues into 
immunodeficient mice is a way of enabling us 
to harvest mature spermatozoa from immature 
germ cells which are present in the testes 
of neonatal and prepubertal males. Potential 
applications of testicular xenografting in agricul-

ture and veterinary medicine are primarily to 
rescue and conserve genetic information from 
rare breeds, endangered species, or neonatally-
lethal, genetic-modified and cloned animals. The 
technique gives us opportunities for obtaining 
spermatozoa from young males which have not 
reached sexual maturation and cannot be used 
for the conventional collection of spermatozoa. 
To realize these applicative possibilities of 
testicular xenografting, it should be determined 
whether xenografted tissue produces normal 
spermatozoa capable of developing to full term, 
and whether offspring generated from the xeno-
geneic spermatozoa grow to sexual maturation, 
especially if the donor animals are phylogeneti-
cally distant from the recipient mice. Recently, 
we have been successful in producing viable 

Fig. 1. Representative cross section of the seminiferous tubules taken from (a) Xeno-ICSI 
and (b) normal pigs containing elongate spermatids or spermatozoa (*).

(c, d) Respective magnified view of parts of (a) and (b). Each Scale bar represents 100 μm.
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Fig. 2. Effects of matrix metalloproteinase-treated bPRP1 in the 
proliferation of bovine brain microvascular endothelial cells.

Cell growth was determined by colorimetric assay.

offspring by ICSI of xenogeneic spermatozoa of 
pigs (Nakai et al. 2010). At present, there is no 
available information regarding reproductive 
characteristics of offspring derived from xenoge-
neic spermatozoa.

This study examined the profiles of gonadal 
hormones in relation to sexual maturation or 
ovarian cyclicity in pigs generated by ICSI 
of xenogeneic spermatozoa (Xeno-ICSI pigs, 
four males and one female). We also assessed 
developmental activity of gametes in these pigs 
by in vitro culture systems or breeding with 
normal pigs. During growth of the male Xeno-
ICSI pigs, concentrations of serum inhibin and 
testosterone were generally within the range of 
normal male pigs. Spermatozoa obtained from 
the Xeno-ICSI pigs at 1.5 years of age showed 
a normal morphological appearance with 
progressive motility. These observations are 
consistent with the histological features of the 
testes where the differentiation of seminiferous 
tubules was not different from normal pigs 
(Fig. 1). Oocytes after in vitro fertilization with 
the xenogeneic spermatozoa developed to the 
blastocyst stage; mean blastocyst formation rate 
was 20% and the mean number of cells in the 
blastocyst was 35. One normal sow after mating 
with one of the male Xeno-ICSI pigs gave birth 
to twelve piglets. During the growth of the 

one female Xeno-ICSI pig, serum progesterone 
levels showed a sudden increase at 42 weeks 
of age, suggesting detection of corpora lutea 
formation. After puberty, this animal showed 
cyclic changes in the serum concentrations of 
inhibin and progesterone, and gave ten piglets 
after artificial insemination using frozen-thawed 
spermatozoa obtained from a normal boar. 
These findings demonstrate that Xeno-ICSI pigs 
have normal reproductive ability.

Cleaved prolactin-related protein-1 (PRP1) 
regulates angiogenesis of bovine placenta

The placenta is a temporal organ that 
plays a role as an interface for feto-maternal 
dialogue. A variety of molecules is produced 
and utilized for the manifestation of placental 
function. Ruminants form unique cotyledonous 
placenta characterized by a large number of 
placentomes. Two separate types of tropho-
blasts, trophoblast mononucleate cells (MNCs) 
and trophoblast giant/binucleate cells (BNCs), 
play a principal role in the placental function in 
ruminants. Ruminant placenta produce an array 
of proteins structurally and functionally similar 
to prolactin (PRL). Of these, only the placental 
lactogen is known as a “classical” member 
because of functional similarity to PRL. The 
rest are designated as “non-classical” members 
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without lactogenic activity. Biological activities 
of non-classical members in ruminants remain 
unclear. The authors have cloned a novel ovine 
PRL paralogue named ovine prolactin-related 
protein (oPRP1). oPRP1 had a typical PRP 
nucleotide sequence similar to bPRP1 and was 
exclusively transcribed in BNCs as well as 
bPRP1. However translational frame shifting 
around the C-terminus region of oPRP1 resulted 
in premature termination; the translated oPRP1 
was anticipated to have a short polypeptide 
sequence. Recent studies revealed that rat and 
human PRLs could be cleaved by cathepsin and 
resulting fragments acquired a new biological 
activity quite different from that of parental 
molecules. Since biological activities of oPRP1 
appeared to be comparable with that of bPRP1, 
the authors hypothesized that bPRP1 expressed 
proper biological activity following C-terminal 
cleavage by some enzymes. Short-form (23-28 
kDa) bPRP1 fragments co-existed with intact 
molecules in bovine cotyledonary conditioned 
medium (BCCM). Recombinant bPRP1 was 

cleaved by matrix metalloproteinases (MMPs) 
resulting in N-terminal fragments ranging from 
24 to 28 kDa. BCCM itself was capable of bPRP1 
cleavage and contained MMP activity. Cleaved 
bPRP1 stimulated the proliferation of bovine 
brain microvascular endothelial cells in vitro 
(Fig. 2). Our results suggest that bPRP1 is a 
potential substrate for placental enzymes includ-
ing MMPs and that the resulting N-terminal 
fragments stimulate placental angiogenesis. 
Ruminant placenta produce many kinds of 
molecules that collectively act harmoniously, 
particularly placental proteins responsible for 
tissue remodeling and angiogenesis which play 
crucial roles in maintenance of gestation and 
fetal development.

Disparate expression profiles of BMP family 
proteins between calf and cow ovaries

Oocytes collected from calf ovaries are less 
developmentally competent than those obtained 
from cows. Bone morphogenetic protein 15 
(BMP15) and growth and differentiation factor 

Fig. 3. Immunohistochemistries of BMP15 and GDF9 in bovine follicular sections.
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Fig. 4. Hierarchical cluster analysis of the microarray data from bovine ES 
cells and fibroblast cells.

9 (GDF9) play critical roles in follicular develop-
ment and the determination of ovulation quota 
in mammalian ovaries. To determine the cause 
of poor developmental competency of calf 
oocytes, the expression patterns of BMP15 
and GDF9 between the calf and cow ovaries 
were studied. Bovine tissues were collected 
from 9-11 month-old calves and from 4-6 year-
old cows. The transcriptional profiles of BMP15 
and GDF9 in oocytes and cumulus cells were 
compared between calf and cow using quantita-
tive real-time reverse transcriptase polymerase 
chain reaction (QPCR) and in situ hybridization. 
Immunohistochemical analyses were also 
performed. The QPCR revealed that the expres-
sion of BMP15 and GDF9 in cumulus cells of 
cow ovaries was significantly higher than that 
of calf. GDF9 expression in calf oocytes was 
significantly higher than in those of cow. In 
contrast, intraoocyte BMP15 expression was 
not significantly different between calf and cow. 
The localizations of BMP15 and GDF9 proteins 
were ascertained by immunohistochemistry (Fig. 
3). Our results are the first to show BMP15 

and GDF9 expression in bovine cumulus cells. 
BMP15 and GDF9 mRNA expression in oocytes 
and cumulus cells was different in calves and 
cows.

Gene expression pattern and methylation 
status of bovine embryonic stem (ES) cells 
from in vitro fertilization (IVF) and somatic cell 
nuclear transfer (SCNT) embryos

Pluripotent stem cells would be beneficial 
for regenerative medicine in humans and new 
reproductive technologies in livestock. Study of 
human pluripotent stem cells, especially induced 
pluripotent stem (iPS) cells, is flourishing, but 
studies in livestock are behind. Previously, we 
developed a culture system using a chemical 
inhibitor cocktail for ES cells from livestock 
including rabbit, pig and bovine. In bovine, 
we established the ES cells from inner cell 
mass cells isolated from in vitro fertilization 
blastocyst (ivfES cells) and somatic cell nuclear 
transfer blastocyst (ntES cells). Both bovine 
ES cell types exhibited compact island-shaped 
colonies quite similar to mouse ES cells, high 
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alkline phosphatase activities and expression of 
some pluripotent cell markers. To compare the 
gene expression patterns and the methylation 
status among ivfES cells, ntES cells and donor 
fibroblast cells, we performed oligo-microarry 
analysis and bisulfite sequencing analysis. 
Hierarchical clustering analysis based on micro-
array data demonstrated marked similarities in 
transcriptional patterns of both ES cell lines that 
were distinct from the donor fibroblasts (Fig. 4). 
Bisulfite sequencing analysis showed that the 
methylation state of the Oct3/4 promoter was 
significantly decreased in these cell lines (Fig. 
5). These results indicate that somatic fibroblast 

cells are initialized via nuclear transfer and gain 
pluripotency under the ES cell establishment/
culture conditions. These bovine ES cells are 
expected to be available for both chimera and 
cloned cow production.

Reference
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Fig. 5. Difference in the DNA methylation state of Oct3/4 promoter between ES cells and fibroblast cells.

Neurobiology Research Unit

Neural mechanisms underlying male phero-
mone action in goats

Gonadotrophin-releasing hormone (GnRH) 
secretion into the pituitary portal vessels is the 
final signal through which the brain controls 
gonadal activity. There are surge and pulse 
modes of GnRH release in mammals; the former 
is required for the induction of luteinizing 
hormone (LH) discharge that triggers ovulation, 
while the latter stimulates pulsatile LH secretion 
that drives folliculogenesis, spermatogenesis 
and steroidogenesis. The pulse mode of GnRH 

release is governed by the putative neural 
substrate, the GnRH pulse generator. Because 
external (e.g., photoperiod, nutrition and phero-
mone) and internal (e.g., stress and gonadal 
steroids) cues affect reproduction by modulating 
the GnRH pulse generator activity, the GnRH 
pulse generator acts as the key determinant for 
environmental control of reproduction.

In sheep and goats, the primer pheromone 
produced by the sexually mature male induces 
out-of-seasonal ovulation in anestrous females, 
the so-called “male effect.” Since the initial 
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Fig. 1. Effect of pheromone exposure on MUA.

MUA was recorded in close proximity of kisspeptin neurons at the caudal ARC in ovariectomized goats. 
Representative profiles of MUA (spikes per 20 sec) and plasma LH concentrations are shown in A. Note 
that each MUA volley is followed by a LH pulse. Brief exposure of the goat to the male pheromone (arrow) 
immediately induced an instantaneous rise (open arrow head) in MUA (spikes per sec), which is followed by 
an MUA volley (solid arrow head) lasting for approximately 140 sec (adapted from Murata et al., 2011).

endocrine event following reception of the 
pheromone is the stimulation of pulsatile LH 
secretion, it has been thought that the central 
target of the male pheromone is the GnRH pulse 
generator. The male pheromone is unique in 
that it stimulates; whereas, most environmental 
cues inhibit, GnRH pulse generator activity. 
Thus, the male pheromone would serve as an 
excellent tool for elucidating neural mechanisms 
of the GnRH pulse generator.

Recently using an electrophysiological 
technique to record multiple-unit activity (MUA) 
in close proximity of kisspeptin neurons in the 
arcuate nucleus (ARC) of Shiba goats, we found 
that bursts (volleys) of MUA occur at regular 
intervals, and repetitive bursts are invariably 
associated with discrete pulses of LH (Fig, 1A, 
Ohkura et al., 2009), suggesting that the ARC 
kisspeptin neurons are the intrinsic source of 
the GnRH pulse generator. We also demon-
strated that a brief exposure of female goats 
to the male pheromone immediately elicits an 
instantaneous rise in MUA, which is followed by 
an MUA volley with an accompanying LH pulse 
(Fig. 1B), indicating that the pheromone signal is 
indeed transmitted to a subset of the ARC kis-
speptin neurons to activate them. Furthermore, 
we showed that neurokinin B and dynorphin 
coexpressed in the ARC kisspeptin neurons 

play critical roles in generating rhythmic bursts 
(Wakabayashi et al., 2010), implicating that 
those substances are involved in intracellular 
pheromone actions to induce the GnRH pulse.

Based on these results and the anatomical 
evidence obtained in this laboratory, we propose 
that the following neural mechanisms underlie 
male pheromone action in the goat (Fig. 2).
1. The male pheromone is detected and 

processed by either the vomeronasal or main 
olfactory systems or both. 

2. After being integrated into the medial nucleus 
of amygdala, its signal is conveyed to a subset 
of the kisspeptin/NKB/Dyn (KNDy) neurons 
in the ARC.

3. The transmission of the pheromone signal 
causes an instantaneous rise in MUA around 
the KNDy neurons (Fig. 1B, open arrow head).

4. The pheromone signal acts to enhance the 
stimulatory drive of NKB signalling in the 
KNDy neurons.

5. The enhanced drive of NKB signalling 
induces a synchronized burst in the group 
of KNDy neurons (Fig. 1B, solid arrow head), 
which in turn sequentially evokes kisspeptin 
release at the median eminence, GnRH release 
into the portal vessels, and LH release into 
the peripheral circulation.

6. The synchronized burst in the group of KNDy 
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neurons is soon stopped by the inhibitory 
drive of Dyn signalling that operates within 
the group of KNDy neurons immediately 
after the initiation of action of NKB signaling, 
which results in the termination of kisspeptin 
and thus GnRH/LH release.

7. The inhibitory drive of Dyn signalling remains 
at relatively high levels for a certain period 
after the burst, which blocks the pheromone 
action, probably by preventing the intracel-
lular transmission of the pheromone signal 
to NKB signalling, or by counteracting the 
enhanced drive of NKB signalling. Thereby, 
the pulsatile rather than a sustained rise in 
GnRH/LH release is evoked, even when the 
female goat is continuously exposed to the 
sexually mature male goat in nature.
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368. Yoshizawa Y, Sato R, Tsuchihara K, Ozaki K, Mita K, Asaoka K, Taniai K (2011) Ligand carrier protein 
genes expressed in larval chemosensory organs of Bombyx mori Insect Biochemistry and Molecular 
Biology (Article in Press): Corrected Proof

369. Yun M-S, Kawagoe Y (2010) Septum formation in amyloplasts produces compound granules in the rice 
endosperm and is regulated by plastid division proteins Plant and Cell Physiology 51(9): 1469-1479

370. Zhang J, Fukuhara S, Sako K, Takenouchi T, Kitani H, Kume T, Koh G.Y, Mochizuki N (2011) 
Angiopoietin-1/Tie2 signal augments basal Notch signal controlling vascular quiescence by inducing 
delta-like 4 expression through AKT-mediated activation of β-catenin Journal of Biological Chemistry 
286(10): 8055-8066

371. Zhang L, Chin D.P, Fukami M, Ichikawa H, Nakamura I, Mii M (2010) Agrobacterium-mediated genetic 
transformation of Cattleya with an Odontoglossum ringspot virus replicase gene sequence Plant 
Biotechnology 27(5): 421-426
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Original Papers in Japanese with English Summary

1. Asano S, Miyamoto K, Wada S, Murakami R, Mitsuhashi W (2010) A screening method of ultraviolet-
protective substances for Bacillus thuringiensis product under a laboratory condition using fluorescent 
lamps Annual Report of the Ibaraki Plant Protection Society (49): 1-5

2. Kaji R, Okamoto M, Sakai M, Mizobuchi R, Tamura K, Hirabayashi H, Tamura Y, Fukaura S, Tomimatsu T, 
Nakano H (2010) “Hatsuyamabuki”, A new rice variety with yellow endosperm derived from gamma ray 
mutation Breeding Research 12(2): 54-58

3. Kameda T, Kojima K, Sezutsu H, Zhang Q, Teramoto H, Tamada Y (2010) Hornet (Vespa) silk composed 
of coiled-coil proteins Kobunshi Ronbunshu 67(12): 641-653

4. Katayama H, Noguchi T, Nonaka E, Okuizumi H (2010) Detection of DNA polymorphism using 
Restriction Landmark Genome Scanning (RLGS) method in rice cultivar (Oryza sativa L), “Shigamochi 
68” DNA Polymorphism 18: 85-88

5. Kikuchi A, Kobayashi T (2010) Effect of vegetation difference on the abundance of Trigonotylus 
caelestialium (Heteroptera: Miridae) Annual Report of the Society of Plant Protection of North Japan 
61: 107-110

6. Kobayashi E, Matsumoto T, Yanai S, Sato S, Ohnishi C, Uemoto Y, Awata T, Suzuki K (2010) 
Polymorphism analysis and linkage mapping of the porcine CD4 gene to SSC5 Nihon Yoton Gakkaishi 
47(2): 55-60

7. Kobayashi T, Kikuchi A (2010) Annual changes of proportion of Stenotus rubrovittatus to Trigonotylus 
caelestialium: The fixed-point field surveys in Italian ryegrass fields Annual Report of the Society of 
Plant Protection of North Japan 61: 111-115

8. Morishita T, Mukasa Y, Suzuki T, Shimizu A, Yamaguchi H, Degi K, Aii J, Hase Y, Shikazono N, Tanaka 
A, Miyazawa Y, Hayashi Y, Abe T (2010) Characteristics and inheritance of the semidwarf mutants of 
Tartary buckwheat (Fagopyrum tataricum Gaertn.) induced by gamma ray and ion beam irradiation 
Breeding Research 12(2): 39-43

9. Muramatsu N, Hiraoka K, Yamanouchi H, Takyu T (2010) Relation among xylem exudation, vessel 
diameter and amount of solution extracted from vessels of branch in fruit tree Japanese Journal of Soil 
Science and Plant Nutrition 81(5): 508-511

10. Nakayama K, Waki T, Aoki T, Morishima M, Fukuda T (2010) Pathogenicity of Fusarium solani f. sp. 
eumartii, the causal pathogen of foot rot of tomato, on flowers, fruits and stems of tomato plants 
Japanese Journal of Phytopathology 76(3): 135-141

11. Okawa M, Niino T, Shirata K, Nagamine T (2010) A proposal to enable Japan to accede to the 
International Treaty on Plant Genetic Resources for Food and Agriculture (ITPGR) based on 
interpretation of its articles Research for Tropical Agriculture 3(2): 47-56

12. Okawa M, Niino T, Shirata K, Nagamine T (2010) Considerations on monetary benefit sharing under the 
Standard Material Transfer Agreement of International Treaty on Plant Genetic Resources for Food and 
Agriculture Research for Tropical Agriculture 3(2): 70-78

13. Sato T, Kubota M, Tomioka K (2010) Pathogenicity of the Leaf blight pathogen of oregano, Rhizoctonia 
solaniAG-1 IB, to some horticultural plants of the genus Origanum Annual report of the Kanto-Tosan 
Plant Protection Society (57):51-53

14. Sawada H, Kunugi Y, Watauchi K, Kudo A, Sato T (2011) Bacterial spot, a new disease of grapevine (Vitis 
vinifera) caused by Xanthomonas arboricola Japanese Journal of Phytopathology 77(1): 7-22

15. Takamiya T, Hosobuchi S, Noguchi T, Iijima H, Murakami Y, Okuizumi H (2010) Detection of non-
mendelian inheritance on DNA methylation in rice reciprocal F1 hybrids DNA Polymorphism 18: 93-97
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16. Takeya M, Yamasaki F, Tsubokura M, Hattori S (2010) Development of data processing system for NIAS 
Genebank IEICE TRANSACTIONS on Information and Systems J93-D(10): 1926-1933

17. Tanabata T, Yamada T, Shimizu Y, Shinozaki Y, Kanekatsu M, Takano M (2010) Development of 
automatic segmentation software for efficient measurement of area on the digital images of plant 
organs Horticultural Research (Japan) 9(4): 501-506

18. Tomooka N, Inoue J, Akiba M (2010) Collection and conservation of wild leguminous crop relatives 
on Tsushima island, Nagasaki, Japan, 2009 Annual Report on Exploration and Introduction of Plant 
Genetic Resources 26: 27-34

19. Yamaoka W, Takada S, Takehisa H, Hayashi Y, Hokura A, Terada Y, Abe T, Nakai I (2010) Study 
on accumulation mechanism of cadmium in rice (Oriza sativa L.) by micro-XRF imaging and X-ray 
absorption fine structure analysis utilizing synchrotron radiation Bunseki Kagaku 59(6): 463-475

20. Yamazaki H, Ishikawa M (2010) Analysis of freezing behavior in blueberry stems visualized using 
differential infra-red thermography Cryobiology and cryotechnology 56(1): 91-95

21. Yonemaru J, Ueyama Y, Kubota A (2011) Breeding of a new festulolium cultivar, “Tohoku 1” Bulletin of 
the National Agricultural Research Center for Tohoku Region (113): 17-28
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Reviews and Monographs (In English)

1. Banno Y, Shimada T, Kajiura Z, Sezutsu H (2010) The silkworm�An attractive bioresource supplied by 
Japan Experimental Animals 59(2): 139-146

2. Edvardsson E, Singh S.K, Yun M-S, Mansfeld A, Hauser M-T, Marchant A (2010) The plant 
glycosyltransferase family GT64:  In search of a function Annual Plant Reviews:  Plant Polysaccharides, 
Biosynthesis and Bioengineering 41(11): 285–303

3. Fukuoka S, Ebana K, Yamamoto T, Yano M (2010) Integration of genomics into rice breeding Rice 3(2-
3): 131-137

4. Fukuoka S, Nonoue Y, Yano M (2010) Germplasm enhancement by developing advanced plant 
materials from diverse rice accessions Breeding Science 60(5): 509-517

5. Habu Y (2010) Epigenetic silencing of endogenous repetitive sequences by MORPHEUS’ MOLECULE1 
in Arabidopsis thaliana Epigenetics 5(7): 562-565

6. Hayat S, Mori M, Fariduddin Q, Bajguz A, Ahmad A (2010) Physiological role of brassinosteroids:  an 
update Indian Journal of Plant Physiology 15(2): 1

7. Held M, Hossain M.S, Yokota K, Bonfante P, Stougaard J, Szczyglowski K (2010) Common and not so 
common symbiotic entry Trends in Plant Science 15(10): 540-545

8. Hirochika H (2010) Insertional mutagenesis with Tos17 for functional analysis of rice genes Breeding 
Science 60(5): 486-492

9. Hubbard K.E, Nishimura N, Hitomi K, Getzoff E.D, Schroeder J.I (2010) Early abscisic acid signal 
transduction mechanisms:  newly discovered components and newly emerging questions Genes and 
Development 24(16): 1695-1708

10. Isemura T, Tomooka N, Kaga A, Vaughan D.A (2011) Comparison of the pattern of crop domestication 
between two Asian beans, azuki bean (Vigna angularis) and rice bean (V. umbellata) Japan Agricultural 
Research Quarterly 45(1): 23-30

11. Ishibashi K, Nishikiori M, Ishikawa M (2010) Interactions between tobamovirus replication proteins 
and cellular factors:  Their impacts on virus multiplication Molecular Plant-Microbe Interactions 23(11): 
1413-1419

12. Kawakatsu T, Takaiwa F (2010) Cereal seed storage protein synthesis:  fundamental processes for 
recombinant protein production in cereal grains Plant Biotechnology Journal 8(9): 939-953

13. Kimura K, Fujimoto Z (2010) Enzymatic degradation of poly-gamma-glutamic acid Amino-Acid 
Homopolymers Occurring in Nature 15: 95-117

14. Konno K (2011) Plant latex and other exudates as plant defense systems:  Roles of various defense 
chemicals and proteins contained therein Phytochemistry (Article in Press): Corrected Proof

15. Kouchi H, Imaizumi-Anraku H, Hayashi M, Hakoyama T, Nakagawa T, Umehara Y, Suganuma N, 
Kawaguchi M (2010) How many peas in a pod? Legume genes responsible for mutualistic symbioses 
underground Plant and Cell Physiology 51(9): 1381-1397

16. Maeda K, Ohkura S, Uenoyama Y, Wakabayashi Y, Oka Y, Tsukamura H, Okamura H (2010) 
Neurobiological mechanisms underlying GnRH pulse generation by the hypothalamus Brain Research 
1364: 103-115

17. Maeda T (2010) Differences in foraging strategies between populations of the predatory mite 
Neoseiulus womersleyi:  correlation between olfactory response and dispersal tendency Trends in 
Acarology (6): 259-263
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18. McCouch S.R, Zhao K, Wright M, Tung C-W, Ebana K, Thomson M, Reynolds A, Wang D, DeClerck G, 
Liakat Ali M, McClung A, Eizenga G, Bustamante C (2010) Development of genome-wide SNP assays 
for rice Breeding Science 60(5): 524-535

19. Miyao M, Masumoto C, Miyazawa S, Fukayama H (2011) Lessons from engineering a single-cell C4 
photosynthetic pathway into rice Journal of Experimental Botany (Advance Access)

20. Nagai T, Tamang J.P (2010) Fermented legumes:  Soybean and non-soybean products Fermented 
Foods and Beverages of the World : 191-224

21. Nagamura Y, Antonio B.A (2010) Current status of rice informatics resources and breeding applications 
Breeding Science 60(5): 549-555

22. Nakagawa H, Tanaka A, Mori M (2011) Brassinosteroid signaling in rice Brassinosteroids:  A Class of 
Plant Hormone (4): 83-117

23. Nanasato Y, Miyake C, Takahara K, Kohzuma K, Nakajima Munekage Y, Yokota A, Akashi K (2010) 
Mechanisms of drought and high light stress tolerance studied in a xerophyte, Citrullus lanatus (Wild 
Watermelon) The Chloroplast:  Basics and Applications 31(23): 363-378

24. Narita S, Pereira R.A.S, Kjellberg F, Kageyama D (2010) Gynandromorphs and intersexes:  potential to 
understand the mechanism of sex determination in arthropods Terrestrial Arthropod Reviews 3(1): 63-
96

25. Natori S (2010) Molecules participating in insect immunity of Sarcophaga peregrina Proceedings of the 
Japan Academy, Series B 86(10): 927-938

26. Nishimura S, Hinomoto N, Takafuji A (2010) Development of microsatellite markers for Tetranychus 
kanzawai (Acari:  Tetranychidae) and analysis of spatio-temporal gene flow among populations on 
different host plants Trends in Acarology (9): 349-355

27. Okamura H, Murata K, Sakamoto K, Wakabayashi Y, Ohkura S, Takeuchi Y, Mori Y (2010) Male 
effect pheromone tickles the gonadotrophin-releasing hormone pulse generator Journal of 
Neuroendocrinology 22(7): 825-832

28. Oono Y, Wakasa Y, Yang L, Takaiwa F (2010) The role of molecular chaperones in plant stress response 
Handbook of Molecular Chaperones:  Roles, Structures and Mechanisms (13)

29. Osakabe K, Abe K, Endo M, Toki S (2010) Regulatory mechanisms of homologous recombination in 
higher plants Plant Developmental Biology - Biotechnological Perspectives Volume 2 4(19): 371-391

30. Osakabe Y, Kajita S, Osakabe K (2011) Genetic engineering of woody plants:  current and future 
targets in a stressful environment Physiologia Plantarum 142(2): 105-117

31. Sakuma S, Salomon B, Komatsuda T (2011) The Domestication syndrome genes responsible for the 
major changes in plant form in the Triticeae crops Plant and Cell Physiology 52(5): 738-749

32. Sasaki T (2010) Breeding science and “Green Innovation” Breeding Science 60(2): 99

33. Sasaki T (2010) Measuring the actual impact of a scientific paper Breeding Science 60(3): 179

34. Sasaki T (2010) Steps toward greater internationalization Breeding Science 60(4): 295

35. Sasaki T (2011) Next generation sequencing:  Gold mine or tsunami for breeding science Breeding 
Science 61(1): 1

36. Takaiwa F (2011) Seed-based oral vaccines as allergen-specific immunotherapies Human Vaccines 
7(3): 357-366

37. Takatsuji H, Jiang C-J, Sugano S (2010) Salicylic acid signaling pathway in rice and the potential 
applications if its regulators Japan Agricultural Research Quarterly 44(3): 217-223
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38. Tanaka S, Maeno K (2010) A review of maternal and embryonic control of phase-dependent progeny 
characteristics in the desert locust Journal of Insect Physiology 56(8): 911-918

39. Terenius O, Papanicolaou A, Garbutt J.S, Eleftherianos I, Huvenne H, Sriramana K, Albrechtsen M, 
An C, Aymeric J-L, Barthel A, Bebas P, Bitram K, Bravo A, Chevalier F, Collinge D.P, Crava C.M, de 
Maagd R.A, Duvic B, Erlandson M, Faye I, Felföldi G, Fujiwara H, Futahashi R, Gandhe A.S, Gatehouse 
H.S, Gatehouse L.N, Giebultowicz J, Gómez I, Grimmelikhuijzen C.J, Groot A.T, Hauser F, Heckel 
D.G, Hegedus D.D, Hrycaj S, Huang L, Hull J.J, Iatrou K, Iga M, Kanost M.R, Kotwica J, Li C, Li J, Liu 
J, Lundmark M, Matsumoto S, Meyering-Vos M, Millichap P.J, Monteiro A, Mrinal N, Niimi T, Nowara 
D, Ohnishi A, Oostra V, Ozaki K, Papakonstantinou M, Popadic A, Rajam M.V, Saenko S, Simpson 
R.M, Soberón M, Strand M.R, Tomita S, Toprak U, Wang P, Wee C.W, Whyard S, Zhang W, Nagaraju 
J, ffrench-Constant R.H, Herrero S, Gordon K, Swevers L, Smagghe G (2011) RNA interference in 
Lepidoptera:  An overview of successful and unsuccessful studies and implications for experimental 
design Journal of Insect Physiology 57(2): 231-245

40. Tomooka N, Kaga A, Isemura T, Vaughan D (2011) Vigna Wild Crop Relatives:  Genomic and Breeding 
Resources, Legume Crops and Forages (15): 291-311

41. Tsubota T, Shiotsuki T (2010) Genomic and phylogenetic analysis of insect carboxyl/cholinesterase 
genes Journal of Pesticide Science 35(3): 310-314

42. Tsuchida-Mayama T, Nakamura H, Hakata M, Ichikawa H (2010) Rice transgenic resources with gain-
of-function phenotypes Breeding Science 60(5): 493-501

43. Ueda T, Nakamura C (2011) Ultraviolet-defense mechanisms in higher plants Biotechnology & 
Biotechnological Equipment 25(1): 2177-2182

44. Yano M, Ebana K, Yamamoto T (2010) Genomics-assisted breeding in rice Gamma Field Symposia 47: 
1-11

45. Yokota K, Hayashi M (2011) Function and evolution of nodulation genes in legumes Cellular and 
Molecular Life Sciences 68(8): 1341-1351
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List of Organizations exchanged 
MOU

National Institute of Agrobiological Sciences (NIAS) is enhancing research collabora-
tion 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 organiza-
tion, term, and research theme, objectives and /or activities exchanged MOU.

Organization Term Research theme, objectives and/or  
activities of MOU

CGIAR
(Philippines)

The International Rice 
Research Insitute 2002.12.19 ～ Reseach cooperation on rice genomics 

and application for breeding

U.S.A. Cornel University 2005.10.10 ～ 
2010.10.09

Inclusive agreement for research coop-
eration and exchange of researchers

U.S.A. University of Minnesota 2006.02.09 ～ 
2011.02.08

Inclusive agreement for research coop-
eration and exchange of researchers

China Southwest Agricultural 
University

2006.03.24 ～ 
completion of 
analysis

Genome sequencing and genome 
structure analysis in silkworm

Thailand Kasetsart University 2006.05.10 ～ 
2011.05.09

Research cooperation on genetics and 
breeding in leguminous crops

Switzerland Syngenta 2006.04.03 ～ 
2011.04.2

Contract for research cooperation to 
develop low-glutelin rice

IBSC
The International 
Barley Genome 
Sequencing Consortium 

2006.10.06 ～ 
completion of 
analysis

International research cooperation for 
barley genome analysis

France
French National 
Institute for 
Agricultural Research

2006.12.26 ～ 
2010.12.25

Research cooperation on genomics in 
insects, plants and animals

Korea

National Institute 
of Agricultural 
Biotechnology,   
Rural Development 
Administration

2008.5.29 ～ 
2013.5.28

Inclusive agreement for cooperation in 
the fields of agricultural science and 
biotechnology

Australia
The commonwealth 
scientific and industrial  
research organization

2008.7.1 ～ 
2013.6.30

Research cooperation and exchange of 
researchers

CGIAR
(Colombia)

International Center for 
Tropical Agriculture

2009.1.22 ～
2014.1.21 

The joint research activity related to 
agriculture and biotechnology

Germany
Leibnit Institute of 
plant Genetics and Crop 
Plant Research

2009.12.8 ～
2013.3.31

Development of agriculture and 
advanced technology for bioscience 
industry through research of genome

Czech 
Institute of  
Entomology, Biology 
Center of The Academy 
of Sciences

2010.07.20 ～ 
2013.07.19

Research cooperation on insect silk 
fiber components and identification of 
their controlling genes
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Executive Members and Research 
Staff Members

Executive Members

President Ishige Teruo

Vice-President Sasaki Takuji

Vice-President Shinbo Hiroshi

Auditor Hasegawa Mineo

Auditor Ichikawa Kunihiko

Research Staff

Research Planning and Coordination

Research Director-General Kadowaki Koichi

Research Director Kawasaki Kenjiro

Research Director Shirata Kazuto

Research Director Machii Hiroaki

Research Director Nishimura Minoru

Research Director Kawase Makoto

Deputy Research Director (Takahashi Toru)

Deputy Research Director (Miyazawa Mitsuhiro)

Deputy Research Director (Seo Shigemi)

Deputy Research Director (Nishizawa Yoko)

Deputy Research Director (Umehara Yosuke)

Deputy Research Director (Fukui Kuniaki)

Deputy Research Director (Sakumoto Ryosuke)

Deputy Research Director (Ishimaru Ken)

Deputy Research Director (Kawada Masae)

Deputy Research Director (Tateishi Ken)

Deputy Research Director (Kato Yusuke)

Research Planning Section Head Handa Hirokazu

Chief Researcher Hagihara Kiyoshi

Chief Researcher Watanabe Kenji

(Akizuki Gaku)

Research Staff Kawasaki Shinji

Research Staff Yasue Hiroshi

(as of March 31, 2011)
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Evaluation Section Head Asaoka Kiyoshi

Information Management Section Head Mitsuhashi Hatsuhito

Chief Researcher Kawada Masae

Library Head (Mitsuhashi Hatsuhito)

Public Relations Section Head (Kawasaki Kenjiro)

Chief Researcher Inoue Hisashi

(Ogawa Taiichi)

GMO Research Promotion Section Head Tabei Yutaka

(Domon Eiji)

Safety Management Section Head Watanabe Shinichiro

(Ishimaru Ken)

(Toshima Yoshiyuki)

(Tateishi Ken)

Research Staff Tanaka Yoshiyuki

Technology Transfer and Research Cooperation Section Head Hagio Takashi

Senior Researcher Kayano Toshiaki

Chief Researcher Hirogari Yasuhiro

(Sakurai Michiharu)

(Nakamura Masatoshi)

(Kawagoe Yasushi)

Research Staff Ogawa Masafumi

Genetic Resources Management Section Head Takiguchi Takahiko 

(Nishikawa Tomotaro)

Technical Support Section Head Koyama Akio

Head Kobayashi Toru

Research Center

QTL Genomic Research Center Director Yano Masahiro

Chief Researcher Sugimoto Kazuhiko

Chief Researcher Fukuoka Shuichi

Chief Researcher Taguchi Fumio

Chief Researcher Ebana Kaworu

Chief Researcher Yamamoto Toshio
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Chief Researcher Yonemaru Jun-ichi

Chief Researcher Mizobuchi Ritsuko

Chief Researcher Yamanouchi Utako

Chief Researcher Uga Yusaku

Researcher Hori Kiyosumi

Transgenic Crop Research and Development Center Director Takaiwa Fumio

Chief Researcher Ozawa Kenjiro

Chief Researcher Domon Eiji

Chief Researcher Takagi Hidenori

Chief Researcher Takahashi Sakiko

Researcher Kawakatsu Taiji

Researcher Ogo Yuko

Transgenic Silkworm Research Center Director (Machii Hiroaki)

Chief Researcher Yonemura Naoyuki

Chief Researcher Sezutsu Hideki

Chief Researcher Uchino Keiro

Chief Researcher Tatematsu Kenichiro

Chief Researcher Iizuka Tetsuya

Researcher Kobayashi Isao

(Okada Eiji)

Transgenic Animal Research Center Director Kitani Hiroshi

Senior Researcher Naito Mitsuru

Senior Researcher Sakurai Michiharu

Senior Researcher Onishi Akira

Senior Researcher Takezawa Toshiaki

Chief Researcher Matsubara Yuko

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

Senior Researcher Duncan Alexander Vaughan

Chief Researcher Ueda Tadamasa

Plant Genome Research Unit Head Matsumoto Takashi

Senior Researcher Kikuchi Shoshi

Senior Researcher Komatsuda Takao

Senior Researcher Wu Jianzhong

Chief Researcher Ogawa Taiichi

Chief Researcher Kawahigashi Hiroyuki

Chief Researcher Mizuno Hiroshi

Researcher Ono yoko

(Izawa Takeshi)

Bioinformatics Research Unit Head Ito Takeshi

Chief Researcher Maeda Miki

Chief Researcher Tanaka Tsuyoshi

Researcher Numa Hisataka

Researcher Sakai Hiroaki

Researcher Kawahara Yoshihiro

Genome Resource Center Head Nagamura Yoshiaki

Chief Researcher Baltazar Antonio

Chief Researcher Miyao Akio

Chief Researcher Koga Yasunori

Researcher Sato Yutaka

(Ichikawa Hiroaki)

Research Staff Nakayama Yasuji

Genebank Director (Kawase Makoto)

Senior Researcher Niino Takao

Senior Researcher Nagayasu Kenichi

Senior Researcher Sato Toyozo

Senior Researcher Sawada Hiroyuki

Senior Researcher Tomooka Norihiko

Senior Researcher Aoki Takayuki

Senior Researcher Okuizumi Hisato

Chief Researcher Nagai Toshiro

Chief Researcher Takeya Masaru



148  Annual Report 2011

Chief Researcher Kosegawa Eiichi

Chief Researcher Tomioka Keisuke

Chief Researcher Nishikawa Tomotaro

Chief Researcher Fukui Kuniaki

Chief Researcher Yamamoto Sinichi

Researcher Naito Ken

(Kaga Akito)

(Tateishi Ken)

Research Staff Minezawa Mitsuru

Research Staff Hara Wajiro

Institute of Radiation Breeding Director (Nishimura Minoru)

Senior Researcher Muramatsu Noboru

Chief Researcher Yamanouchi Hiroaki

Chief Researcher Takyu Toshio

Chief Researcher Shimizu Akemi

Chief Researcher Nishimura Noriyuki

Soybean Genome Research Team Head Ishimoto Masao

Chief Researcher Katayose Yuichi

Chief Researcher Kaga Akito

Researcher Watanabe Satoshi

Division of Plant Sciences

Director Meshi Tetsuo

Chief Researcher Yazaki Yoshiaki

Environmental Stress Research Unit Head Hayashi Makoto

Senior Researcher Ishikawa Masaya

Chief Researcher Fukuda Atsunori

(Sugimoto Kazuhiko)

(Uga Yusaku)

Photobiology and Photosynthesis Research Unit Head Miyao Mitsue

Senior Researcher Ichikawa Hiroaki

Senior Researcher Izawa Takeshi

Chief Researcher Takeichi Tetsuo

Chief Researcher Inagaki Noritoshi

Chief Researcher Ishimaru Ken

Chief Researcher Kiyota Seiichiro
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Chief Researcher Baba Akiko

Chief Researcher Iwamoto Masao

Chief Researcher Sentoku Naoki

Researcher Ito Hironori

Researcher Muramatsu Masayuki 

Plant Disease Resistance Research Unit Head Takatsuji Hiroshi

Senior Researcher Hayashi Nagao

Senior Researcher Mori Masaki

Chief Researcher Jiang Cian Je

Chief Researcher Sugano Shoji

Chief Researcher Yamazaki Muneo

Chief Researcher Takahashi Akira

Researcher Inoue Haruhiko

Protein Research Unit Head Yamazaki Toshimasa

Senior Researcher Momma Mitsuru

Senior 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 Ishikawa Masayuki

Senior Researcher Nishizawa Yoko

Senior Researcher Kato Etsuko

Chief Researcher Ochiai Hirokazu

Chief Researcher Mitsuhara Ichiro

Chief Researcher Seo Shigemi

Chief Researcher Umehara Yosuke

Chief Researcher Nishimura Marie

Chief Researcher Imaizumi Haruko

Chief Researcher Yoshikawa Manabu

Chief Researcher Akimoto Chiharu

Chief Researcher Takeuchi Kasumi

Researcher Otake Yuko

Researcher Nakagawa Tomomi

Plant Genetic Engineering Research Unit Head Toki Seiichi

Chief Researcher Kishimoto Naoki
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Chief Researcher Habu Yoshiki

Chief Researcher Kawagoe Yasushi

Chief Researcher Miyahara Kenzo

Chief Researcher Nakayama Shigeki

Researcher Saika Hiroaki

Researcher Endo Masaki

(Tabei Yutaka)

Division of Insect Sciences

Director Kiuchi Makoto

Senior Researcher Haga Atsunobu

Insect Genome Research Unit Head Yamamoto Kimiko

Senior Researcher Kadono Keiko

Chief Researcher Yukuhiro Kenji

Chief Researcher Hirokawa Masahiko

Chief Researcher Tomita Shuichiro

Chief Researcher Yasukochi Yuji

Chief Researcher Komoto Natsuo

Chief Researcher Suetsugu Yoshitaka

Researcher Joraku Akiya

(Tatematsu Kenichiro)

(Sezutsu Hideki)

Invertebrate Gene Function Research Unit Head Shinoda Tetsuro

Senior Researcher Myohara Maroko

Senior Researcher Taniai Kiyoko

Senior Researcher Kotaki Toyomi

Senior Researcher Shiotsuki Takahiro

Senior Researcher Tanaka Yoshiaki

Chief Researcher Ichikawa Akio

Chief Researcher Hatakeyama Masatsugu

Chief Researcher Nakao Hajime

Chief Researcher Shimoda Masami

Chief Researcher Kamimura Manabu

Chief Researcher Shimura Sachiko

Researcher Kihara Mami

Researcher Kozaki Toshinori

Researcher Kayukawa Takumi
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Anhydrobiosis Research Unit Head Okuda Takashi

Chief Researcher Kikawada Takahiro

Researcher Cornette Richard Marcel Jacques

Innate Immunity Research Unit Head Ishibashi Jun

Senior Researcher Kato Yusuke

Chief Researcher Tanaka Hiromitsu

Insect Interaction Research Unit Head Noda Takashi

Senior Researcher Hattori Makoto

Senior Researcher Tanaka Seiji

Senior Researcher Inouchi Jun

Senior Researcher Muraji Masahiko

Chief Researcher Nakamura Masatoshi

Chief Researcher Konno Kotaro

Chief Researcher Hirayama Chikara

Chief Researcher Hinomoto Norihide

Chief Researcher Yasui Hiroe

Chief Researcher Tateishi Ken

Chief Researcher Hasegawa Tsuyoshi

Chief Researcher Tamura Yasumori

Chief Researcher Maeda Taro

Researcher Tsujii Nao

Insect-Microbe Research Unit Head Noda Hiroaki

Senior Researcher Miyamoto Kazuhisa

Senior Researcher Mitsuhashi Wataru

Senior Researcher Watanabe Hirofumi

Senior Researcher Nakashima Nobuhiko

Chief Researcher Arakawa Toru

Chief Researcher Wada Sanae

Chief Researcher Murakami Ritsuko

Researcher Matsumoto Yukiko

Researcher Kobayashi Tetsuya

Researcher Kageyama Daisuke

Silk-Materials Research Unit Head Tamada Yasushi

Senior Researcher Goto Yoko

Chief Researcher Tomiyama Masamitsu

Chief Researcher Toshima Yoshiyuki
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( ) additional position

Chief Researcher Miyazawa Mitsuhiro

Chief Researcher Kameda Tsunenori

Chief Researcher Hata Tamako

Chief Researcher Takasu Yoko

Chief Researcher Kuwana Yoshihiko

Chief Researcher Kojima Katsura

Chief Researcher Teramoto Hidetoshi

Silk Technology Unit Head Takabayashi Chiyuki

Chief Researcher Nakajima Kenichi

Chief Researcher Okada Eiji

Research Staff Kinoshita Haruo

Division of Animal Sciences 

Director Kurihara Mitsunori

Animal Genome Research Unit Head Awata Takashi

Senior Researcher Kojima Misaki

Senior Researcher Hamajima Noriyuki

Chief Researcher Mikawa Satoshi

Chief Researcher Uenishi Hirohide

Chief Researcher Harumi Takashi

Chief Researcher Watanabe Satoshi

Researcher Ogawa Tomoko

Researcher Taniguchi Masaaki

Reproductive Biology Research Unit Head Tokunaga Tomoyuki

Senior Researcher Kaneko Hiroyuki

Senior Researcher Noguchi Junko

Senior Researcher Kikuchi Kazuhiro

Senior Researcher Takahashi Toru

Chief Researcher Ito Yoshiyasu

Chief Researcher Goto Hideo

Chief Researcher Suto Junichi

Chief Researcher Hurusawa Tadashi

Chief Researcher Hosoe Misa

Chief Researcher Ohkoshi Katsuhiro

Chief Researcher Sakumoto Ryosuke

Chief Researcher Miyashita Norikazu

Researcher Hayashi Kengo
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Neurobiology Research Unit Head Okamura Hiroaki

Chief Researcher Yayo Kenichi

Chief Researcher Kasuya Etsuko

Researcher Wakabayashi Yoshihiro

Researcher Yamamura Takashi

General affairs

Management 
Director-General Shimada Hiroaki

Management Director Ota Hideo

General Affairs Section Head Hoshi Motoo

Accounting Section Head Sumita Shigeyoshi

Management and Supply Section Head Yokozeki Eiichi

Audit and Compliance Section Head Saito Ryoichi



154  Annual Report 2011

Members of NIAS Evaluation 
Committee

 (as of March 31, 2011)

Kubo Takeo Graduate School of Science, The University of Tokyo 

Kobayashi Michihiro Graduate School of Bioagricultural Sciences, Nagoya University

Sato Eimei Graduate School of Agricultural Science, Tohoku University

Shinozaki Kazuo RIKEN Plant Science Center 

Endo Takashi Graduate School of Agriculture, Kyoto University

Kyozuka Junko Graduate School of Agricultural and Life Sciences, The University of Tokyo 

Gojobori Takashi National Institute of Genetics

Senoh Kenichiro The Industry-Academia Collaboration Initiative  (Non profit Organization)
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FINANCIAL OVERVIEW
Fiscal Year 2010 (April 2010 - March 2011)

 millions of yen

TOTAL BUDGET 12,085

OPERATING COSTS 4,613

 Personnel cost 3,993

 Administrative cost 404

 Facilities improvement expense 216

RESEARCH PROMOTION COSTS 7,472

 Research Grant from MAFF 3,135

 Entrusted Research Expenses from MAFF 3,473

 Entrusted Research Expenses from MEXT 276

 Entrusted Research Expenses from others 588

MAFF: Ministry of Agriculture, Forestry and Fishries, 
MEXT: Ministry of Education, Culture, Sports, Sciences and Technology

Entrusted Research Expenses from others
588 (5%)

Personnel
3,993 (33 %)

Administrative costs
404 (3%)

Facilities Improvement
Expense
216 (2%)

Research Grant from MAFF 
3,135 (26%) 

Entrusted Research
Expenses from MAFF 
3,473 (29%)

Entrusted ResearchExpenses 
from MEXT
276 (2%)
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Location: How to access to 
 our National Institute of Agrobiological Sciences (NIAS)

Kenkyu-Gakuen Sta. Tsukuba Express Tsukuba Sta.

Tsuchiura-Gakuen Street To Tsuchiura

To Mitsukaido

To Tsuchiura

To Tokyo

To Akihabara

To Ueno

To Tokyo

To Mito

To Mito

Route 354

Route 6

Ro
ut
e 
40
8

N
is
hi
 O
do
ri 
A
ve
nu
e

Jap. Int. Res C. Agr. SciJap. Int. Res C. Agr. Sci

Natl. Inst. Fruit Tree. SciNatl. Inst. Fruit Tree. Sci

Natl. Food Res. Inst.Natl. Food Res. Inst.

AFFRC Tsukuba officeAFFRC Tsukuba office

Nati. Inst. Animal HealthNati. Inst. Animal Health

Nati. Agriculture and Food Research OrgNati. Agriculture and Food Research Org
Nati. Inst. Agro-Env. SciNati. Inst. Agro-Env. Sci

Nati. Inst. Livestock & Grassland. SciNati. Inst. Livestock & Grassland. Sci

Forestry and Forest Products Res. InstForestry and Forest Products Res. Inst

Yatabe I. C.
Midorino Sta.Midorino Sta.

Ushiku Sta.Ushiku Sta.

Hitachino-Ushiku Sta.Hitachino-Ushiku Sta.

JR Joban
 Line

JR Joban
 Line

Arakawaoki Sta.Arakawaoki Sta.

Joban
 Highw

ay

Tsukuba-Ushiku I.C.Tsukuba-Ushiku I.C.

Owashi Area

NIAES Area

Headquarters Area

Natl. Inst for Rural EngineeringNatl. Inst for Rural Engineering

Tsukuba-Chuo I.C.Tsukuba-Chuo I.C.

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-Owashi-Campus and get off at 
Norin-Danchi-Chuo.

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

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

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

 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/

●Hitachiomiya (Inst. Radiation Breeding)
 2425 Kamimurata, Hitachiomiya, Ibaraki, 319-2293, Japan
 TEL: +81-295-52-1138
●Hokuto
 6585 Kobuchizawa, Hokuto, Yamanashi, 408-0044, Japan
 TEL: +81-551-36-2046

●Okaya (Silk Technology Unit)
 1-4-8 Gouda, Okaya, Nagano, 394-0021, Japan
 TEL: +81-266-22-3664

NIAS Institutions outside Tsukuba
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