


The National Institute of Agrobiological Sciences is at the 

forefront of research in life sciences with implications in 

agriculture and the creation of new bio-industries. Since 

NIAS has been established as an independent administrative 

institution of the Ministry of Agriculture, Forestry and 

Fisheries (MAFF) in 2001, research activities are being 

conducted strategically and intensively based on a research 

plan encompassing five years. The First Five-year Research 

Plan (2001-2005) led to the sequencing of the entire rice 

genome, development of genetic recombination techniques 

for silkworm, and the construction of genetically modified 

pig. 

The Second Five-year Plan started on April 1, 2006 with the 

aim of advancing the technologies developed during the first 

five-year plan with research initiatives focusing on (1) the 

improvement, diversity and utility of agrobiological 

resources; (2) development of innovative technologies using 

biological and genome information; and (3) creating new 

biotechnology-based industries. 

This is a compilation of selected research outputs in plant, 

microbial, insect and animal sciences from the FY 2006 – 

2010 in conjunction with the NIAS Second Five-year Plan to 

provide an overview of the progress that has been achieved 

in various areas of research.
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　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.
　The Second Five-year Plan aims to make a leap forward in both basic and pioneering research and 
technological development, mainly in the field of biotechnology. To this end, we are establishing four 
research centers that will place emphases on basic research, plant, microbial, animal and entomological 
sciences.

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

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

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

An Overview

Research for creation of new bio-industries by biotechnology

Development, refinement and utilization of agro-bioresources

Research and development of innovative agricultural production
technology based on genomics and physiology
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2006

The internat ional col laborat ive ef fort 
completed the genome sequencing of Asian 
cultivated rice, Oryza sativa ssp. japonica cv. 
Nipponbare in 2004. At that time, it was still 
a challenge to decipher all of the genes in 
the genome so that the genomic information 
would be fully utilized in further experimental 
studies. The process of assignment of gene 
positions and functions is called annotation. To 
understand biological roles of a DNA/protein 
sequence, annotation is currently recognized as 
a crucial step. With this in mind, we decided to 
organize a new international group for genome-
wide annotation of rice, the Rice Annotation 
Project （RAP）, which was composed of 35 
institutions.

While gene predictions are efficient in 
prokaryotic genomes, complex exon-intron 
structures hamper computational predictions 
of genes in higher eukaryotes. Therefore, full-
length cDNAs （FLcDNAs） are thought to give 
strong evidence of genes in these species. We 
compared the rice FLcDNAs and ESTs with 
the genome sequences and could determine 
29,550 loci. However, there should be loci 
for which cDNAs are missing in the current 
clone libraries. By using the cDNAs and gene 
predictions, we estimated the number of rice 
genes to be ~32,000. The average length of rice 
transcripts was longer than that of Arabidopsis 

（Arabidopsis thaliana） （Table 1）.  This was 
mainly because transposable elements were 

Genome annotation of Oryza sativa
ssp. japonica cv. Nipponbare
Takeshi ITOH, Tsuyoshi TANAKA, Hiroaki SAKAI and Hisataka NUMA
Bioinformatics Research Unit

Table 1　Comparison of O. sativa and A. thaliana transcripts

O. sativa A. thaliana
with mRNAs Predictions with mRNAs

Number of exons 106,447 33,937 101,396
Mean exon number 5.19 4.89 5.40 
Number of single exon loci 4,473 (21.8%) 1,235 (17.8%) 3,583 (19.1%)
Mean exon length (bp) 333 292 263
Mean first exon length (bp) 412 379 323
Mean internal exon length (bp) 177 207 159
Mean last exon length (bp) 648 363 476
Mean intron length (bp) 423 490 168
Mean mRNA length (bp) 1,728 1,428 1,428
Mean pre-mRNA length (bp) 3,501 3,334 2,160
Exon coverage of the genome 35.4 Mbp 9.9 Mbp 26.8 Mbp
Transcribed genomic regions 71.8 Mbp 23.1 Mbp 40.5 Mbp
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enriched in non-coding regions of the rice 
genome, so that introns and untranslated 
regions were longer in rice than in Arabidopsis.

To annotate the genes of the rice genome, a 
jamboree-style annotation meeting was held in 
Japan and all of the functional descriptions were 
curated by experts. Since automated methods 
inevitably produce erroneous annotations, 
curation of computational analysis is essential 
before public release of a database. As a result, 
we could assign functions of 19,969 （70.0%） of 
28,540 probable protein-coding loci. In addition, 
131 convincing candidates of non-coding 
RNA genes were found. For details of the 
annotations, see http://rapdb.dna.affrc.go.jp/.  
Our comparison of the gene sets between 

rice and Arabidopsis suggested that over half 
of the genes were highly conserved during 
evolution, but each species possessed thousands 
of species-specific genes （Fig. 1）. These unique 
genes might be related to characteristics 
of the species that led to their evolutionary 
differences.

A complete genome sequence is a basis to 
understand the whole biological process of a 
species. We expect that our curated genome 
annotation will contribute to future functional 
analyses of rice. Furthermore, the annotation 
information presented in this study will be 
an important resource for genomics of rice 
cultivars as well as other cereals such as wheat 
and barley.

Fig. 1　Comparison of the gene sets between rice and Arabidopsis
The protein sequences of the genes were searched against UniProtKB. The proteins were classified by level 
of sequence conservation.
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2006
An SNP caused loss of seed shattering
during rice domestication
Takeshi IZAWA1, Saeko KONISHI2, Masahiro YANO3

1 Plant Genome Research Unit & Photobiology and Photosynthesis Research 
Unit, NIAS, 2 STAFF Institute, 3 QTL Genome Breeding Center, NIAS

Rice （Oryza sativa） is a staple food for 
human beings and it is believed that rice 
was domesticated around ten thousand years 
ago. It was long assumed that a single major 
domestication process occurred which produced 
a subspecies of rice and that subsequent 
artificial selection upon existing variation 
resulted in rice cultivar groups such as indica,  
tropical japonica, and temperate japonica. 
Recent genome analysis revealed that this 
assumption might be wrong because an 
indica cultivar ‘93-11’ and a japonica cultivar 

‘Nipponbare’ became diversified about 0.2~0.4 
million years ago based on phylogenetic 
analyses of retrotransposon distribution. 
Therefore, several independent domestication 
processes may have occurred to make the 
diversity of these subspecies in rice. However, 
it is not well understood how the domestication 
process took place at the molecular level.

Here, we first performed QTL （quantitative 
trait locus） analysis for the seed shattering 
trait, one of the  domestication traits, between 
an indica cultivar （Kasalath） and a japonica 
cultivar （Nipponbare） （Fig. 1） and detected 
five QTL loci involved in seed shattering. We 
next cloned a major gene termed qSH1 (QTL of 
seed shattering in chromosome 1). qSH1 encodes 
a Bell-type homeobox transcription factor which 
is an ortholog of REPLUMLESS （RPL） gene 
in Arabidopsis thaliana. RPL was reported to 
be involved in formation of the abscission layer 
in A. thaliana fruit. Indeed, a nearly isogenic 
line, NIL（qSH1）, containing a Kasalath genome 
fragment corresponding to the qSH1 region, 
restored formation of the separation layer at 
the bottom of rice grains which shattered easily 

（Fig. 2）. These results indicate that qSH1 is 

required for the abscission layer formation in 
rice and, thus, revealed that an evolutionarily 
conserved molecular mechanism is involved in 
the separation layer formation regardless of the 
botanical origin of the layers.

Fine mapping of qSH1 also led us to identify 
a single nucleotide polymorphism （SNP） which 
caused the loss of seed shattering. In situ 
expression analysis of qSH1 mRNA （Fig. 3） 

Fig. 1　Seed shattering habits of rice panicles (left) 
and chromosomal locations of QTLs for seed shattering 
degree (right)

Fig. 2　Left: Photo of a rice grain
White box indicates position of abscission layer formation.
Middle and right: Longitudinal sections of positions 
corresponding to white box
The corresponding region of Nipponbare (middle) and the 
completed abscission layer of NIL (qSH1) (right).
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Kasalath allele for easy-shattering
Nipponbare allele for easy shattering

qSH1

68.8 %
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Nipponbare NIL (qSH1)
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and complementation tests using 12 Kasalath 
genome fragments further demonstrated that 
this SNP conferred loss of abscission layer-
specific transcription of qSH1. These results 
suggested that ancient humans likely selected 
this SNP for loss of seed shattering due to the 
defect in formation of the separation layer.

We further analyzed haplotypes of the qSH1 
gene using several rice core collections. These 
analyses revealed that the SNP was introduced 
into rice cultivars after the diversification of 
temperate japonica. When temperate japonica 
cultivars of Chinese origin were tested, we 
found that that the SNP was likely to have 
occurred as a mutation in ancient China. 
Since it is believed that rice cultivation was 

introduced into Japan at least 3000 years ago, 
the mutation for SNP is likely to have occurred 
more than 3000 years ago.

Therefore, we finally concluded that the 
loss of seed shattering occurred in the early 
domestication of temperate japonica more than 
3000 years ago and then ancient humans in 
China selected rice plants with this specific SNP 
to improve yields due to the decrease of seed 
dispersal （Fig. 4）.

Reference
Konishi S, Izawa T, Lin S-Y, Ebana K, Fukuta Y, 

Sasaki T, Yano M （2006） An SNP caused loss 
of seed shattering during rice domestication. 
Science, 312: 1392-1396.

Fig. 3　In situ analysis of qSH1 expression
At flower formation stage, qSH1 expression was detected 
in anther regions in both NIL(qSH1) and Nipponbare (left) 
and at the provisional abscission layer position only in 
NIL(qSH1) (right) and not in Nipponbare. 

Fig. 4　The origin of the identified SNP

Nipponbare NIL (qSH1)

javanica

japonica

the origin of japonica rice

Nipponbare NIL (qSH1)
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2007

Benzothiadiazole （BTH） is a so-called ‘plant 
activator’ and protects plants from diseases 
by ‘priming’ the salicylic-acid （SA） signalling 
pathway. Because of its characteristic action 
mechanism of ‘priming’, BTH exerts protective 
effects against a broad spectrum of diseases 
without major adverse effects on plant growth 
when applied at appropriate dosages. Assuming 
that a transcription factor plays a key role in 
the BTH-induced ‘priming’, we screened for 
BTH-inducible genes for transcription factors 
by using rice 44K oligoarray and identified 
WRKY45 that upregulated within 3 h after 
BTH treatment. Overexpression of WRKY45 
in transgenic rice （WRKY45-ox） driven by 
the constitutive maize ubiquitin promoter 
dramatically enhanced resistance to blast 
disease （Fig. 1A）, the devastating fungal 
disease worldwide. The WRKY45-ox rice was 
even more blast resistant than ‘Sensho’, which 
is known as a very highly blast resistant rice 
variety （Fig. 1C）. WRKY45-ox rice plants were 
also highly resistant to bacterial blight diseases 

（Fig. 1B）. Thus, WRKY45-ox rice is resistant 
to both fungal and bacterial diseases （‘multi-
disease resistance’）. 
RNA� interference–mediated� knockdown�
of� WRKY45�（WRKY45-kd）� compromised� BTH-
inducible�resistance�to�blast�disease,� indicating�
that� WRKY45� is� essential� for� BTH-induced�
defence� responses.� In� a� transient� expression�
system,� WRKY45� activated� reporter-gene�
transcription� through�W-boxes,� indicating� that�
WRKY45� is� a� transcriptional� activator� acting�
through�W-boxes.� Epistasis� analysis� suggested�
that�WRKY45�acts�in�the�SA�signalling�pathway�
independently� of� OsNPR1,� a� rice� ortholog� of�

Arabidopsis�NPR1�（Fig.�2）,�which�distinguishes�
WRKY45� from� any� known� Arabidopsis� WRKY�
transcription� factors.� Examination� of� BTH�
inducibility� in�WRKY45-� and�OsNPR1-kd� plants�
revealed� that� two� defence-related� genes,�
encoding� a� glutathione-S-transferase� and� a�
cytochrome�P450,�are�regulated�by�WRKY45,�but�
not� by� OsNPR1.� On� the� other� hand,� PR1b and�
PR1a�genes�were�regulated�by�OsNPR1,�but�not�
by�WRKY45.�These�results�are�consistent�with�
the� apparent� independence� of� the� WRKY45-�
and�OsNPR1-dependent�pathways.�
Thus,� rice� has� a� SA-signalling� pathway�

that� is� substantially� different� from� the�
Arabidopsis� counterpart.� WRKY45-ox� rice�
plants� grew� without� severe� growth� defects�
in� our� greenhouse�（Fig.� 3）.� In� these� plants,�
defence� reactions� were� not� activated� as�
revealed�by�the�absence�of�PR-gene�expression�
（Fig.� 3）.� Thus,�WRKY45-ox� rice� appears� to� be�
‘primed’� for� defence� responses.� However,�
WRKY45-ox� rice� showed� substantial� growth�
retardation�accompanied�by�PR-gene�expression�
when� grown� in� a� growth� chamber�（Fig.� 3）,�
suggesting� that� some� environmental� factor
（s）� triggered� defence� reactions� by� acting�
downstream� of�WRKY45� transcription�（Fig.� 2）.�
The� high� degree� of� multi-disease� resistance�
accompanied�by�minor�growth�retardation�due�
to�overexpression�of�WRKY45�makes�this�gene�a�
promising�tool�for�developing�practically�useful�
multi-disease� resistant� rice� by� a� transgenic�
approach.� To� achieve� this� goal,� however,� the�
environment-dependent�growth�retardation�has�
to� be� overcome� by� optimizing� the� transgene�
expression.�

Rice WRKY45 plays a crucial role in 
benzothiadiazole-inducible resistance to 
fungal blast and bacterial blight diseases
Hiroshi TAKATSUJI, Masaki SHIMONO, Shoji SUGANO, Akira 
NAKAYAMA, Chang-Jie JIANG, Nagao HAYASHI
Disease Resistance Research Unit
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Fig. 1  Disease resistance of rice by  
overexpression of WRKY45
(A and B)  Disease resistance of WRKY45-ox 
rice to fungal blast (A) and bacterial blight (B) 
diseases. 
(C) WRKY45-ox rice is even more blast resistant 
than the highly blast resistant rice variety 

‘Sensho’.

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

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

Reference
Shimono M, Sugano S, Nakayama A, Jiang 

C-J, Ono K, Toki S, Takatsuji H （2007）

Rice WRKY45 plays a crucia l ro le in 
benzothiadiazole-inducible blast resistance. 
Plant Cell, 19（6）:2064-2076.
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2007

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

with� W548L� and� S627I� mutations� so� that�
random� integrations� of� this� GT� vector� did�
not� confer� BS� tolerance.� Using� our� highly�
efficient� Agrobacterium-mediated� transformation�
system,� we� obtained� 66� independent� GT� rice�
plants� from� 1500� calli.� Furthermore,� 2/3� of�
these�plants�harbored� the� two�point�mutations�
exclusively,� without� any� insertion� of� foreign�
DNA�such�as�border�sequences�of�T-DNA.�
GT� rice� homozygous� for� the� modified�

ALS� locus� showed� hyper-tolerance� to� BS� as�
compared� to� BS-tolerant� plants� produced�
by� a� conventional� transgenic� system.� It� was�
known� that� functional� ALS� complex� consists�
of� tetramers�of�ALS�subunits.�Exclusion�of� the�
BS-sensitive�ALS�allele�is�important�to�produce�
BS-hyper� tolerant� rice� plants.� Our� results�
indicate� that� our� GT� method� has� successfully�
created� novel� herbicide-tolerant� rice� plants�
which� are� superior� to� those� produced� by�
conventional� mutation� breeding� protocols� or�
transgenic�technology.

Molecular breeding of novel herbicide-
tolerant rice by gene targeting
Masaki ENDO, Keishi OSAKABE, Kazuko ONO and Seiichi TOKI
Plant Genetic Engineering Research Unit

Fig. 1  Schematic representation of GT at ALS locus
A sequence encoding 55 amino acids, including the chloroplast-targeting signal, is deleted in the GT 
construct (△ 5’ALS), rendering the gene non-functional. Homologous recombination between genomic ALS 
locus and T-DNA confers BS-tolerant ALS.
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Fig. 2  BS sensitivity test
Heterozygote (Hetero) and homozygote (Homo) plant for the modified ALS exhibited tolerance to BS. 

Fig. 3  Enzymatic activity of ALS
ALS proteins from wild-type (WT), homozygote (Homo) or heterozygote (Hetero) for GT plants and over-
expressing plants (OE) of the ALS gene containing the same two mutations (W548L and S627I) were 
extracted and examined for their sensitivities to BS. In OE plant, transcription levels of ALS were extremely 
high (approximately 20-fold higher than wild-type). GT homozygote plants showed extreme tolerance to BS. 
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2007

The study of rice productivity is vital to 
ensuring adequate food for all. Rice yield—the 
total amount of grain harvested—is broadly 
divided into two components: sink size （panicle 
architecture or grain size） and source potential 

（efficiency of photosynthesis）. The balance 
between these two components makes yield 
one of the most complex traits. The panicle 
consists of spikelets and rachillae, which are 
composed of peduncles and primary, secondary, 
and tertiary branches. In general, elite indica 
rice cultivars with high yield tend to have more 
spikelets than japonica cultivars, but this is 
because they also have longer panicles, longer 
branches, and more primary and secondary 
branches. In other words, optimization of the 
balance of panicle components is also necessary 
for increasing spikelet numbers, which is the 
most direct way to increase yield.

To unders tand the gene t i c bas i s o f 
complicated quantitative trait, such as yield-
related traits of rice, chromosome segment 
substitution lines （CSSLs） become a powerful 
tool for an initial approach. CSSL is a series 
of experimental lines in which a particular 
chromosomal segment from a donor line is 
substituted into the genetic background of the 
recurrent line. The substituted segments cover 
all chromosomes in a whole set of lines. We 
developed CSSLs consisting of 39 lines from 
a cross between an average-yielding japonica 
cultivar, Sasanishiki, as the recurrent parent 
and a high-yielding indica cultivar, Habataki, as 
the donor （Fig. 1）. 

By using these plant materials, we mapped 
quantitative trait loci （QTLs） controlling 
morpho l og i c a l c omponen t s o f pan i c l e 

architecture. Five morphological components 
of panicle architecture—number of spikelets 
per panicle （SN）, number of primary branches 
per panic le （PBN）, average number of 
secondary branches per primary branch （SBN）, 
panicle length （PL）, and primary branch 
average length （PBL）—in the CSSLs were 
evaluated in 2 years, and 38 QTLs distributed 
on 11 chromosomes were detected （Fig. 1）. 
Considerable QTLs were distributed throughout 
the genome and the effect of each QTL was not 
so large compared with phenotypic difference 
between both parents.

To confirm effect of the QTL detected in the 
CSSL, we developed near-isogenic lines （NILs） 
for two of the major QTLs for secondary 
branch number on chromosome 1 （qSBN1） 
and primary branch number on chromosome 
6 （qPBN6） by marker-assisted selection （Fig. 
2）, and we analysed the independent and 
combined phenotypic effects of those QTLs 
by pyramiding in the Sasanishiki genetic 
background （Fig. 3）. NIL（PBN6） and NIL

（SBN1+PBN6） exhibited larger PBNs than that 
of Sasanishiki. Similarly, NIL（SBN1） and NIL

（SBN1+PBN6） exhibited larger SBNs than that 
of Sasanishiki. On the other hand, all three lines 
produced more spikelets than Sasanishiki, and 
NIL（SBN1+PBN6） produced more spikelets 
than the other two NILs. These results clearly 
validate that qSBN1 and qPBN6 contributed 
independently to sink size and that the 
combined line produced more spikelets. This 
suggests that the cumulative effects of QTLs 
distributed throughout the genome form the 
major genetic basis of panicle architecture in 
rice.

Genetic dissection and pyramiding of 
quantitative traits for panicle architecture 
by using chromosomal segment substitution 
lines in rice
Toshio YAMAMOTO1, Tsuyu ANDO2, Masahiro YANO1

1 QTL Genomics Research Center, NIAS, 2 STAFF Institute
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Fig. 1  Chromosomal locations of QTLs for panicle architecture
QTLs detected in 2004 and 2005 are labeled in the lower left and upper right corners, respectively. SN: spikelet 
number per panicle; PBN: primary branch number per panicle; SBN: secondary branch number per panicle; PL: 
panicle length; PBL: primary branch length. Black letters on white box indicate traits increased by Habataki 
allele, and white letters on shaded box indicate traits reduced by Habataki allele. Boxes enclosed with red color 
indicate the QTLs detected in both years.

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

Fig. 3  Phenotypic performances of the 
QTL-NILs
Bars followed by different letters are 
s ign i f i can t l y d i f fe ren t by mu l t ip le 
comparison (Tukey’s test). 
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2008

Rice consumption has gradually declined to 
about 60kg per capita from more than 100kg 
40 years ago. In recent years, rice flour has 
received attention as an alternative to wheat 
flour owing to technological innovations for 
making fine flour from rice. However, there has 
been little effort aimed at breeding cultivars 
with superior milling or end-use qualities. Seed 
protein is a major determinant of end-use 
properties for processing in the food industries. 
The esp2 mutant [MNU-treated knockout 
mutant of a protein disulfide isomerase （PDIL1-
1）], accumulates a large amount of proglutelins, 
the precursor of the major seed storage protein 
glutelin. PDIL1-1 is abundantly expressed in 
the developing endosperm and is involved in 
both oxidative protein folding and sorting of 
glutelins. Rice endosperm develops two types 
of protein bodies （PB-I containing prolamins 
and PB-II containing glutelins）, whereas esp2 
forms small particles containing both prolamins 
and proglutelins （Fig. 1）. In a recent study, 
we demonstrated that the proglutelins in esp2 
accumulate as large protein complexes through 
inter-molecular disulfide bonds （Onda et al. 
2009）. In addition, some starch granules purified 
from esp2 were much larger than those of wild-
type （Fig. 2）. 

Having identified unique phenotypes of the 
esp2 seeds, we compared breadmaking quality 
of the rice flour of wild type and esp2. We 
consistently recognized three superior qualities 
in the esp2 flour: the first quality is that the 
esp2 flour was easier to knead because it was 
not as sticky as that of wild-type; the second 
is an improved extensibility of the dough 
during fermentation; and the third quality is 
higher plasticity of the dough. Baking tests 
showed that the bread of esp2 resulted in a 
larger volume than the control. The bread also 
was less prone to collapse during the cooling 
time after baking （Fig. 3）. We speculate that 
storage proteins of esp2 form gluten-like protein 
complexes in the ER, which probably improves 
the extensibility and plasticity of the dough. We 
plan to evaluate further the characteristics of 
esp2 flour on a commercial scale.

Reference
Onda Y, Kumamaru T, Kawagoe Y （2009） ER 

membrane-localized oxidoreductase Ero1 is 
required for disulfide bond formation in the 
rice endosperm. Proceedings of the National 
Academy of Sciences of the United States of 
America, 106 : 14156–14161.

Superior breadmaking quality of the rice 
flour of PDI (protein disulfide isomerase) 
mutant
Yayoi ONDA, Yasushi KAWAGOE
Genetic Engineering Research Unit
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Fig. 1  The esp2 endosperm develops small particles containing storage proteins. 
The wild-type endosperm develops two types of protein bodies: PB-I contains prolamins 
and PB-II stores glutelins and γ-globulin. In contrast, the esp2 endosperm develops small 
particles.

Fig. 2  Starch granules purified from wild-type and esp2
Wild type rice synthesizes compound granules consisting of up to several dozens of sharp-
edged granules. In contrast, some, but not all, starch granules purified from esp2 are much 
larger than those of wild type (arrows). 

Fig. 3  Superior breadmaking quality of the esp2 flour
Rice flour (70%) of wild type or esp2 were mixed with wheat gluten (30%), and compared for 
breadmaking quality. The bread made from wild type flour (left) showed a prominent hollow 
region during the cooling time after baking, whereas the esp2 bread (right) did not collapse, 
indicating that the esp2 dough has a high plasticity.

14
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2009

Japanese upland rice （Oryza sativa L.） is a 
potential gene donor for durable resistance to 
blast disease caused by Magnaporthe oryzae. 
Pi21 is a major quantitative trait locus （QTL）, 
for which an allele, pi21, from a Japanese 
upland rice, induces resistance by restricting 
development of lesions without involvement 
of a hypersensitive response. High-resolution 
mapping and complementation testing of 
pi21 identified a loss of function mutation of a 
heavy metal–transport/detoxification protein 
domain gene, Os04g0401000, encoding a protein 
structurally different from previously identified 
resistance proteins. 

Sequence analysis of the Pi21 gene from 
a number of worldwide cultivars identified 
12 alleles. These alleles were discriminated 
based on insertion–deletion polymorphisms in 
the region containing proline-rich motifs that 
might be involved with the protein’ s function. 
Evaluation of a series of chromosome segment 
substitution lines （CSSLs）, each possessing one 
of the Pi21 alleles in the genetic background of 
a susceptible cultivar, clearly demonstrated that 
all except one were susceptible, and suggested 
that two deletions in the resistant allele are 
required to confer resistance （Fig. 1a）. The 
analysis also revealed that the resistance 
allele was present in some strains of japonica 
rice, suggesting that it could improve blast 
resistance of rice worldwide （Fig. 1b）.

Japanese upland rice has been used as a 
source of blast resistance in conventional 
breeding program since the 1920’ s, but the 
pi21 allele has not been used in irrigated rice 
cultivars, possibly due to co-introduction of 
resistance and undesirable grain characteristics. 
The cause of this troublesome association could 
be either tight linkage of genes controlling 
independent traits, known as “linkage drag,” or 
pleiotropic effects of the target gene on other 
traits; these two cases cannot be discriminated 
unless the linkage can be broken. Fine genetic 
analysis around Pi21 locus identified gene（s） 
associated with inferior eating quality within 
40-kb of pi21. Desirable recombinants between 
pi21 and the genes conferring inferior eating 
quality were successfully selected from a 
breeding population over 6000 plants by using 
DNA markers for the region around Pi21. Field 
evaluation confirmed that the resistance allele 
does not penalize agronomic traits and that the 
cause of the association is tight linkage with 
genes causing undesirable effects. Map-based 
cloning of pi21 identified a novel gene that 
negatively regulates plant defense and provides 
a breakthrough to durably resistant cultivars 
without any penalties on agronomic traits, 
which has not been achieved by conventional 
rice breeding.

Map-based cloning and molecular breeding 
of pi21, a non-race specific resistance gene 
to blast
Shuichi FUKUOKA1, Norikuni SAKA2, Hironori KOGA3, Kazuko 
ONO1, Takehiko SHIMIZU4, Kawori EBANA1, Nagao HAYASHI1, Akira 
TAKAHASHI1, Hirohiko HIROCHIKA1, Kazutoshi OKUNO5, Masahiro 
YANO1

1 QTL Genomic Research Center, NIAS, 2 Aichi Agricultural Research Center, 
3 Ishikawa Prefectural University, 4 STAFF Institute, 5 University of Tsukuba
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Reference
Fukuoka S, Saka N, Koga H, Ono K, Shimizu T, 

Ebana K, Hayashi N, Takahashi A, Hirochika 
H, Okuno K, Yano M （2009） Loss of function 

of a proline-containing protein confers durable 
disease resistance in rice. Science, 325: 998-
1001.

Fig. 1  Natural variations in Pi21
(a) The insertion/deletion-size variation of Pi21 among Asian cultivated rice. In/del sizes of respective alleles from 
the Nipponbare-allele are indicated on right. (b) The average lesion areas caused by blast infection in backcrossed 
lines carrying the respective Pi21 alleles. The lesion area followed by different letters differ significantly according 
to Tukey’ s HSD test at 5%.
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2009

The fungal cell wall, the outermost layer 
of the cell, is a good target for recognition of 
fungal invaders by the host cells. Fungal cell 
walls are mainly composed of polysaccharides, 
e.g., β-glucans, α-glucans, chitin/chitosan, and 
mannans. In general,β-1,3-glucan and chitin 
form the skeletal core, while non-skeletal 
polysaccharides differ between fungal species 
and with growth conditions. Innate immune 
systems found in vertebrates, invertebrates and 
plants are activated upon receptor recognition 
of conserved structural patterns of cell-wall 
components of the fungal invaders and enables 
an immediate defence of the host cells against 
a broad range of fungi. As a result of activation 
of the innate immune systems, various defence 
responses are induced in the host cells. In plants, 
fungal cell wall chitin and β-glucans have been 
reported to evoke innate immune responses 
such as secretion of anti-fungal enzymes （β
-glucanases and chitinases）, production of anti-
fungal agents and reinforcement of the plant 
cell wall. As such, recognition of the fungal 
cell-wall polysaccharide is very important in 
plant-microbe interactions. It was assumed 
that pathogens have mechanisms to protect 
themselves from host immune attacks during 
infection; however, the protection mechanisms in 
plant pathogens were poorly understood. 

To better understand fungal strategies 
circumventing the host plant immune responses, 
we used fluorescent labels to investigate 
localization of major cell wall polysaccharides of 
the rice blast fungus, Magnaporthe oryzae, during 
rice infection. Our cytological studies showed 
that α-1,3-glucan and chitosan were the major 
polysaccharides at accessible surface of infectious 
hyphae. However, β-1,3-glucan and chitin also 
became detectable after enzymatic digestion of α

α-1,3-glucan functions as camouflage 
during infection in the rice blast fungus 
Magnaporthe oryzae
Takashi FUJIKAWA, Marie NISHIMURA
Plant-Microbe Interaction Research Unit

-1,3-glucan （Fig. 1）. Immunoelectron microscopic 
observation of infectious hyphae revealed that 
α-1,3-glucan was localized in the outer portion 
of the cell wall compared to β-1,3-glucan, 
supporting our microscopic observation that 
surface α-1,3-glucan masks β-1,3-glucan and 
chitin in the cell wall. Moreover, although no 
accumulation of α-1,3-glucan on germ tubes 
was observed on cover glass, it was clearly 
detected in the presence of exogenous plant 
wax or on plant surfaces （Fig. 2）. These results 
provide evidence that α-1,3-glucan accumulation 
is induced by a plant cue （wax）. Using a 
genetic mutant related to signal transduction 
pathways in M. oryzae, we have shown that 
Mps1 MAP kinase, an ortholog of MAP kinase 
involved in cell-wall integrity in Saccharomyces 
cerevisiae, is required for the accumulation of α- 
1,3-glucan and is activated in the presence of the 
plant wax. We further demonstrated that the 
accumulation of α-1,3-glucan on the cell wall was 
correlated with resistance of the cell wall against 
chitinase digestion. Taken together, these results 
show that the fungus accumulates α-1,3-glucan 
on the surface of the fungal cell wall in response 
to plant wax in an Mps1 MAP-kinase-dependent 
manner to physically and functionally mask the 
cell wall. 

It is important to note that genes encoding α- 
1,3-glucanase are not found in the rice genome. 
Our results, together with the rice genome 
information, strongly suggest that the function 
of the surface α-1,3-glucan is to not only protect 
the fungal cell wall from digestive enzymes 
produced by plant cells but also to camouflage 
chitin and β-1,3-glucan in the cell wall from 
being recognized during infection by the innate 
immune system of rice （Fig. 3）. 
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Reference
Fujikawa T, Kuga Y, Yano S, Yoshimi A, Tachiki 

T, Abe K, Nishimura M （2009） Dynamics of 

cell wall components of Magnaporthe grisea 
during infectious structure development. 
Molecular Microbiology, 73: 553-570.

Fig. 1  Detection of cell wall polysaccharides on infectious hyphae developed in rice sheath cells
After enzymatic digestion of α-1,3-glucan, β-1,3-glucan and chitin became detectable, indicating that α-1,3-glucan 
masks β-1,3-glucan and chitin in the fungal cell wall. Images were taken at 24h post inoculation. Ap: appressorium, 
Ih: infectious hypha.

Fig. 2  Induction of α-1,3-glucan accumulation on the fungal cell wall by plant cue (wax)
α-1,3-glucan was only detected on appressorium developed on a cover glass (left panel). In contrast, α-1,3-glucan 
was detected in entire cells in the presence of plant wax (center panel) and on the surface of rice cells (right panel).

Fig. 3  Stealth technology of the rice blast fungus
Rice innate immune system attacks fungal invaders by secretion of anti-fungal enzymes/agents upon recognition of 
chitin exposed on the fungal cell wall. However, rice failed to detect M. oryzae camouflaged with α-1,3-glucan mask 
that allows the fungus to successfully invade into rice cells. 

18
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2010

The process of crossing and selection 
during plant breeding has resulted in the 
recombination 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 corresponded to 80.1% of 
the Nipponbare sequence. The Koshihikari 
consensus genome was composed 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 genome, was designed to genotype 151 
representative 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 
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.

Reference
Yamamoto T, Nagasaki H, Yonemaru JI, Ebana 

K, Nakajima M, Shibaya T, Yano M （2010） 
Fine definition of the pedigree haplotypes 

Definition of the pedigree haplotypes of 
modern rice cultivars in Japan revealed by 
genome wide SNPs
Toshio YAMAMOTO, Hideki NAGASAKI, Jun-ichi YONEMARU, Kaworu 
EBANA, Maiko NAKAJIMA, Taeko SHIBAYA, Masahiro YANO
QTL Genomics Research Center
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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 closely related rice cultivars by means of 
genome-wide discovery of single-nucleotide 

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.

polymorphisms, BMC Genomics, 11:267.
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2006

Summary
We detected a QTL affecting the tenderness 

of meat in a pig F2 family derived from a cross 
between Jinhua and Duroc and recognized that 
an allele from Jinhua increased the tenderness. 
Applying the technique of marker-assisted 
introgression for this QTL region, which 
attempted to introgress an allele of Jinhua 
at the QTL into the genomic background of 
Duroc, we produced pigs with high quality and 
productivity of pork meat.

Background and objective of the study
Jinhua pig is a native breed of small size in 

China. It produces tender meat with high intra-
muscular fat content but  the productivity 
is very low. Duroc is a popular commercial 
breed, which shows higher growth rate and 
meat productivity, and is utilized as terminal 
sire for producing market pigs. However, the 
meat of Duroc, characterized as high lean 
content, is less tender than that of Jinhua and 
the meat quality remains to be improved. We 
established an F2 experimental family derived 
from cross between Jinhua sows and a Duroc 
boar and performed QTL analyses for meat 
quality traits using this family. As a result of 
the analysis, we detected a QTL affecting the 
tenderness of meat. The allele originating from 
Jinhua increased meat tenderness. Based on the 
QTL information, we attempted to introgress 
the QTL allele of Jinhua into the genomic 
background of Duroc using the technique of 
marker-assisted introgression to create pigs 
with increased meat tenderness as well as high 
meat productivity.

Results
1. We detected a QTL on pig chromosome 2 

（SSC2） affecting the shear force value of meat 
indicating the meat tenderness （Figure 1）. The 
Jinhua allele increased meat tenderness.

2. The breeding scheme used for marker-
assisted introgression is shown in Figure 2. 
F1 individuals were crossed to a Duroc boar, 
which is the recipient line, to obtain backcross 

（BC1） individuals. BC1 individuals were selected 
for the Junhua allele at the target QTL based 
on the marker information in the region and 
were crossed to a Duroc boar to generate 
BC2 individuals. The cycle of marker selection 
and backcrossing was repeated to generate 
BC3 individuals. Moreover, we obtained BC3F2 
individuals by intercrossing between selected 
BC3 individuals possessing Jinhua allele at the 
QTL.

3. Except for the target QTL region, the 
genomic background of BC3F2 individuals was 
shown to be almost the same as that of Duroc 
pig based on the information of markers located 

Breeding of pigs with high meat quality 
using marker-assisted introgression
Takeshi HAYASHI, Satoshi MIKAWA and Takashi AWATA
Animal Genome Research Unit

Fig. 1　QTL analysis of shear force value of pork 
meat on chromosome 2
Dotted horizontal line indicates the threshold value of 
F-ratio with genome-wide significance level P=0.05. 
The region including the position with the highest 
F-ratio ranging from SW942 to SW1879 was targeted for 
introgression.

Research Highlights FY 2006-2010

21



across the whole genome （data not shown）.
4. BC3F2 individuals were classified into 

three types according to the genotype at the 
target QTL: homozygote with Jinhua allele 

（JJ）; homozygote with Duroc allele （DD）; and 
heterozygote （JD）. As shown in Figure 3, the 
three types were arranged in ascending order 
of shear force value, as JJ, JD and DD. The 
meat tenderness was significantly increased for 
the individuals of JJ type in comparison with 
the individuals of DD type.

Implication
1. BC3F2 individuals of JJ type showed high 

meat quality as well as high meat productivity, 
which are characteristics of Jinhua and Duroc, 
respectively. We plan to use BC3F2 males of 
JJ type as useful terminal sires for producing 
market pigs.

2. The identification of a gene responsible for 
the QTL will be attempted in further studies.

Fig. 2　Breeding scheme for marker-assisted introgression

 

Fig. 3　Means of shear force values in three types of 
BC3F2 individuals
Three types are denoted by JJ, JD and DD which 
indicate homozygote with Jinhua allele, heterozygote and 
homozygote with Duroc allele, respectively.

JJ　　　　　　 JD 　　　　　　DD
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2007

Systems for producing recombinant proteins 
have been developed in many organisms. 
Transgenic organisms are thought to be useful 
for producing large amounts of proteins and 
in some cases it is also possible to produce 
proteins containing the mammalian types of 
sugar chains.  The protein production systems 
in transgenic silkworm have been developed 
because the silkworm possesses a very efficient 
organ adapted for the production of proteins. 
The systems developed in the silkworm use 
a middle part of the silk gland and sericin 1 
and fibroin L chain gene promoters have been 
used for gene expression. However, the most 
abundant protein in the silk gland is the fibroin 
H chain. The system using the fibroin H chain 
gene has not been used for the production of 
globular proteins because of the difficulty in 
purification of products. Therefore, we applied 
the piggyBac vector utilizing the fibroin H gene 
for production of recombinant proteins. The 
vector possesses the DsRed gene under the 
control of the eye-specific expression promoter 
3xP3 as a marker and the long upstream 
region of the fibroin H chain gene.  The gene 
for the production of the recombinant protein 
is inserted into the middle part of the fibroin 
H gene. In this experiment, we produced feline 
interferon as a model pharmaceutical protein 
in the transgenic silkworm and investigated 
the possibility of recovering the active form of 
protein from the cocoon and silk gland.

The structure of piggyBac transposon vector 
for the production of feline interferon is shown  
in Fig. 1. We constructed two types of vectors. 
One possessed the interferon gene without a 
protein cleavage site and the gene was fused 
with N and C terminal sequences of fibroin H 

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

From the result, we concluded that the 
production of pharmaceutical protein is 
possible using the system of fibroin H chain 
gene. However, the protein must be tolerant 
to the detergent and treatment with a 
specific protease. We note that this is the first 
experiment using fibroin H chain gene for 
the production of recombinant protein.  The 
active protein was recovered from cocoons of 
transgenic silkworm.

Production of a feline interferon in 
transgenic silkworms
Toshiki TAMURA1, Masayuki YONEMURA1, Testsuya IIZUKA1, Ken-
ichiro TATEMATSU1, Hideki SEZUTSU1, Isao KOBAYASHI1, Hiroyuki 
KURIHARA2, Katsushige YAMADA2

1 Trangenic Silkworm Research Center, NIAS, 2 Toray Industries, Inc.
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Fig. 1  Structure of piggyBac transposon vector for the production of feline interferon (FeIFN)
A. Vector of feline interferon without protease cleavage site. B. Vector for the production of feline interferon with 
protein cleavage site. N-terminal and C-terminal domains were shown by NTD and CTD, respectively.

Fig. 2  Analysis of feline interferon extracted from the transgenic cocoons by SDS–PAGE (A), Western-
blotting (B) and interferon activity(C)
Treatment of protease was shown by +. StFeIFN and PreFeIFN indicate the products of the transgenic strains 
possessed the interferon gene without or with protease cleavage sites, respectively.

A.

B.
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Production of high quality silks having 
different fluorescent colors by transgenic 
silkworms
Toshiki TAMURA1, Tetsuya IIZUKA1, Hideki SEZUTSU1, Ken-ichiro 
TATEMATSU1, Isao KOBAYASHI1, Masayuki YONEMURA1, Keiro 
UCHINO1, Katsura KOJIMA1, Hiroaki MACHII1, Chihiro TAKABAYASHI1, 
Katsushige YAMADA2, Hiroyuki KURIHARA2, Tetsuro ASAKURA3, 
Yasumoto NAKAZAWA3, Junji YAMAGUCHI4, Nobuo KUWABARA4, 
Takashi NAKAMURA5, Kei YOSHII5, Atsushi MIYAWAKI6, Satoshi 
KARASAWA7, Hatsumi KOBAYASHI7

1 Transgenic Silkworm Research Center, NIAS, 2 Toray Industries, Inc. 3 Tokyo 
University of Agriculture and Technology, 4 Gunma Sericultural Technology 
Center, 5 Textile Research Center of Gunma, 6 RIKEN, 7 Amalgaam, Ltd.

Sericulture in Japan has declined over the 
past 20 years with reductions in is successively 
reduce the amounts o f annua l cocoon 
production and the numbers of the farmers 
rearing the silkworms during 20 years. Thise 
reduction has been is caused by the low prices 
of the cocoons and raw silk. To promote the 
sericulture Iin Japan, it was thought to be 
necessary to develop new silks and cocoons 
that couldcan sell for much higher prices. than 
those of the ordinal one. In addition, the new 
silks and the cocoons would be distinguished 
can be discriminated from the cocoons and silks 
available from made by the foreign countries 
such as, like China, Brazil, and India etc.

The Recen t ly , Na t i ona l In s t i tu t e o f 
Agrobiological Sciences have recently developed 
been established the technology for making a 
transgenic silkworms and for the systems for 
the expressing of the transgenic. By using this 
technology, the artificially synthesized gene can 
be introduced into the silkworm and expressed 
in the silk gland. We applied the method for the 
production of high quality of recombinant silks, 
and found that the characteristics of the silk can 
be modified by introducing introduction of an 
artificial silk gene.

In this topic, we report the production 
of large amounts of recombinant silk and 
attempts to produce higher quality fabrics 

using recombinant silks. We first generated 
transgenic silkworms that produce silks having 
interesting green, red or orange fluorescence 
characteristics （Fig. 1）. To increase the 
production of fluorescent silk, these strains 
were back-crossed with the Japanese and 
Chinese parent races with selection in the 
successive generations. We generated the 
silkworms produced the high quality of the 
recombinant silks having different characters. 
The most interesting silk possesses the 
fluorescence of the green, red and orange 
color. We also developed a transgenic strain 
producing The very thin and strong silk by 
direct introduction of the artificial gene for thin 
silk into the thin silk race “Hachuring” . We 
then reared a large number of the silkworms 
and harvested a large amount of cocoons 

（Fig. 1）. This is also turned out to be produced 
by the transgenic silkworm. The Silk with a 
cell-adhesive character is also was produced by 
the same method. In this topic we report the 
production of large amounts of recombinant silk 
and attempted to produce the higher quality of 
fabrics using the recombinant silks.

We first generated the transgenic silkworms 
that produce the silks having the green, red 
and orange fluorescence or very thin fiber. The 
strains producing larger amount of the silks 
with the fluorescence were bred by back cross 
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with Japanese and Chinese parent races and by 
the selection in the successive generations. The 
silkworm strain for the thin silk was performed 
by the direct introduction of the artificial 
gene for making the thin silk into the thin silk 
race. Then, we reared a large numbers of the 
silkworms and harvested large amounts of 
cocoons （Fig. 1）.

It was known that the fluorescence color of 
the silk was lost is loosed when the silk was 
reeled by the usual hot steam and water an 
ordinal method. We also investigated different 
the reeling methods using lower temperature so 
that of the cocoon without loosing the modified 
characters could be retained and as a result, we 
found that the drying and boiling of the cocoons 
at a lower temperature and the use of, a 
vacuum treatment and use of specific reagents 
were are required applicable for the reeling. 

As a result of this innovative, we innovated 
the technology, to reel the recombinant silk 
could be reeled and successfully to produce 
large amounts of silks retaining remained the 
fluorescence color （Fig. 1） as well as and the 
character of very thin fiber characteristic. 
Using these silks, we performed the production 
of the textile fabrics for （knit dresses, jackets 
and shawls） as shown in Fig. 2 and the interior 
accessories such as （lampshades and tapestries） 
as shown in Fig. 2.

From these studies, results, we concluded 
that the production of high quality silks is 
possible using the newly developed to use the 
technology developed and that the recombinant 
silks produced by the transgenic silkworms 
may open the new fieled in Japanese sericulture 
and contribute to the increase in of the silk 
production.

Fig. 1  The cocoons and silk made from the transgenic silkworms introduced green (upper) or 
red (lower) fluorecence gene

Fig. 2  Woman’s wears made by the recombinant silk with the fluorescent colors

White light Fluorescence White light Fluorescence

White light Fluorescence
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The fibril density of traditional collagen gel 
（Fig. 1） is quite low in comparison to that of 
connective tissue in vivo. Therefore, we aimed 
to develop a novel collagen scaffold with high 
fibril density. In addition, it was known that 
opaque egg white could be converted into 
a thin, transparent, rigid glass-like material 
by boiling and evaporating the moisture 
— a phenomenon known as vitrification of 
denatured proteins. We applied this vitrification 
technology to a traditional collagen gel （Fig. 1）. 
Collagen vitrigels with high fibril density were 
successfully prepared by a three-step process: 
a gelation step in which a type-I collagen sol 
forms an opaque and soft gel by incubation 
at 37C; a vitrification step in which the gel 
becomes a rigid material after sufficient drying; 
and a rehydration step with supplemental 
moisture that converts the vitrified material 
into a thin and transparent gel membrane 
with enhanced gel strength. In this report, 
we define a vitrigel as a gel in a stable state 
produced by rehydration following vitrification 
of a tradit ional hydrogel . The col lagen 
vitrigel obtained possesses excellent protein 

permeability （Fig. 1）. 

Furthermore, we also prepared framework-
embedded collagen vitrigel scaffolds by 
inserting a nylon membrane ring into the 
collagen sol prior to the gelation step （Fig. 
2）. Anchorage -dependent ce l l s can be 
cultured on both surfaces of the scaffold 
by the manipulation of two-dimensional 
cultures, resulting in the reconstruction of 
a three-dimensional organoid （Fig. 2）. In 
studies of a crosstalk model between PC-12 
pheochromocytoma cells and L929 fibroblasts, 
we found that nerve growth factor secreted 
from L929 cells passed through the collagen 
vitrigel scaffold and induced the neurite 
outgrowth of PC-12 cells by its paracrine effect 

（Fig. 3）. We also found that a collagen vitrigel 
scaffold containing vascular endothelial growth 
factor （VEGF） showed a sustained release 
of VEGF in vitro and that its subcutaneous 
transplantation into a rat resulted in remarkable 
angiogenesis （Fig. 4）. These data suggest 
that the collagen vitrigel scaffold is useful for 
paracrine assays in vitro and drug delivery 

Fig. 1  Preparation methods of a traditional collagen gel 
and a novel collagen vitrigel and comparison of their 
properties

Development of collagen vitrigel useful for 
tissue regeneration
Toshiaki TAKEZAWA
Transgenic Animal Research Center

Fig. 2  Advantages of the culture technology utilizing a 
support material-embedded collagen vitrigel membrane 
scaffold
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systems in vivo. Therefore, we expect that 
collagen vitrigels could contribute to studies in 
regenerative medicine and drug development 

and could serve as an alternative to animal 
experiments.

Fig. 3  Paracrine effect between different types of cells via a collagen vitrigel membrane scaffold

Fig. 4  Drug delivery system utilizing a collagen vitrigel membrane scaffold
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In order to restore the sericulture industry in 
Japan and create a new industry, it is vital to 
differentiate domestic silk from low-priced silk 
produced in China, Brazil and other countries 
and to develop a method to make silk of high 
added value. So far, our institute has developed 
a method to make high quality silk using 
transgenic silkworms, has developed a new 
method for reeling silk from transgenic cocoons, 
and has succeeded in making knit products 
from fluorescent color silk. However, remaining 
challenges include standardizing procedures 
for rearing transgenic silkworms on a large-
scale, demonstrating the weaving performance 
of fluorescent color silk as the warp thread, and 
instituting a process to obtain final products 
through the collaboration of different industries. 

Therefore, in order to stimulate the practical 
realization of transgenic silk, we developed 
a production manual to rear transgenic 
silkworms, wove a fabric with fluorescent 
color silks as warp threads, and produced 
high quality textiles with the collaboration of 
different industries.

1. Improvement of transgenic silkworm 
strains producing high quality silks and mak-
ing a manual to rear transgenic silkworms on 
a large-scale

We improved transgenic silkworm varieties 
producing fluorescent silk and ultrafine silk 
and improved their quantitative traits such as 
cocoon weight, cocoon shell weight and cocoon 
shell percentage to equal or exceed the same 
traits in standard, non-transgenic varieties. 
We reared 40,000 silkworms of the transgenic 
varieties with green fluorescent color silk, 30,000 

silkworms of the transgenic varieties with red 
fluorescent color silk, and 140,000 silkworms of 
the transgenic varieties with ultrafine silk, which 
produced 8.1kg, 7.5kg and 24.8kg of raw silk, 
respectively. Moreover, we developed a rearing 
manual with standardized procedures suitable 
for the Cartagena Protocol on Biosafety based on 
the rearing data for these transgenic silkworms. 

2. Experimental production of wedding and 
reception dresses from high quality silks 
produced by transgenic silkworms through 
the collaboration of different industries 

A wedding dress and a colorful dress to be 
worn during the wedding reception were made 
as an experimental production using the high 
quality silks. Through the collaboration of public 
sectors and private companies such as Yumi 
Katsura International Co. Ltd, the wedding dress 
was made from silk satin “Mikado” woven with 
green fluorescent silk （Fig. 1）. The colorful 
dress for the wedding reception was made with 
the satin silk woven with the green fluorescent 
silk and red fluorescent silk as warp thread and 
woof thread, respectively, and a silk organdie 
was woven with red fluorescent silk （Fig. 2）. 
The interweaving resulted in the reception 
dress having a yellow-green fluorescent color. 
Moreover, through the collaboration of private 
companies and public sectors, we made a doll of 
the emperor and empress dressed in traditional 
costume with embroidery design using green 
fluorescent silk and red fluorescent silk （Fig. 3）.

High quality silks, such as the fluorescent 
color silks, produced by transgenic silkworms 
can provide material for many industries such as 

Experimental production of wedding 
dress from high quality silk produced 
by transgenic silkworm through the 
collaboration of different industries
Hiroaki MACHII1, Tetsuya IIZUKA1, Hideki SEZUTSU1, Naoyuki 
YONEMURA1, Ken-ichiro TATEMATSU1, Keiro UCHINO1, Isao 
KOBAYASHI1, Chiyuki TAKABAYASHI2, Keisuke MASE1,2, Eiji OKADA1,2, 
Kenichi NAKAJIMA2, Toshiki TAMURA1

1 Transgenic Silkworm Research Center, NIAS, 2 Silk Technology Unit, NIAS
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textile, apparel and fashion industries. Therefore, 
it is an urgent issue to establish a large-scale 
rearing system for production of transgenic 
silkworms at the farmer’ s level which also 
conforms to the Cartagena Protocol on Biosafety.

Reference
Tamura T, Iizuka T, Sezutsu H, Tatematsu 

K, Kobayashi I, Yonemura N, Uchino K, 

Kojima K, Machii H, Takabayashi C, Yamada 
K, Kurihara H, Asakura T, Nakazawa Y, 
Miyawaki A, Karasawa T, Kobayashi H, 
Yamaguchi J, Kuwabara N, Nakamura T, 
Yoshii K （2009） Production of high quality 
silks having different fluorescent colors using 
transgenic silkworms. AFF Research Journal, 
32（3）: 7-10.

Fig. 1  Wedding dress showing green fluorescent color (Texture material: silk satin “Mikado”)
(Left: white light, Center & Right: blue LED)

Fig. 2  Colorful dress worn during the wedding reception was made with green fluorescent silk 
and red fluorescent silk (Texture material: silk satin, silk organdie)
(Left: white light, Center & Right: blue LED)

Fig. 3  Doll of the emperor and empress dressed in traditional costume with embroidery design using green 
fluorescent silk and red fluorescent silk
(Upper, left & right: white light, Center two: blue LED)

 Silk satin

Silk organdie
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The pig genome consists of 18 pairs of 
autosomes and one pair of sex chromosomes. 
The size of the entire genomic sequence is 
about 2.7 Gb, comparable with or slightly 
smaller than that of human. Genome information 
is essential for physiological analyses in pigs 
as well as other organisms. The international 
community for pig researchers has made efforts 
to develop components needed for sequencing 
of the entire pig genome, such as construction 
of a physical map of the pig genome by using 
radiation hybrid panels. Based on such analyses, 
sequencing of the entire pig genome was 
planned by the International Swine Genome 
Sequencing Consortium （SGSC）, which was 
established in 2003. SGSC consists of research 
institutes and universities in 12 countries 
and regions, including the National Institute 
of Agrobiological Sciences （NIAS） and the 
Institute of Society for Techno-innovation of 
Agriculture, Forestry and Fisheries （STAFF） 
from Japan. 

SGSC used a female Duroc pig, named T. J. 

Tabasco （Fig. 1）, for the genome sequencing. 
Sequencing was conducted by the “hybrid 
approach” composed of hierarchical and 
whole-genome shotgun sequencing. For 
hierarchical shotgun sequencing, a bacterial 
artificial chromosome （BAC） library was 
constructed with genomic DNA of T. J . 
Tabasco. The library was used for construction 
of a minimum-tiling path of the BAC clones 
covering the entire pig genome. The clones 
in the minimum-tiling path were subjected to 
shotgun sequencing at a 4 to 8́ depth. The 
shotgun sequencing was mainly performed 
by the Wellcome Trust Sanger Institute, and 
the Japanese research team, Animal Genome 
Research Program （AGP） which consists of 
NIAS and STAFF, took charge of 254 BAC 
clones located on chromosome 6 and 7 （Fig. 
2）. The 254 BAC clones corresponded to 
1.6% of the entire genome. AGP conducted 
the shotgun sequencing of each BAC clone 
at a 7.92 × depth on average. Finally, SGSC 
conducted sequencing of 17,000 BAC clones 
and announced completion of draft sequencing 
of the pig genome in November 2009. In the 
announcement SGSC declared completion 
in sequencing of 98% of the physical map 
of the pig genome （Fig. 3）. The assembled 
pig genome sequence can be available in the 
Ensembl Database of the European Molecular 
Biology Laboratory （http://www.ensembl.
org/Sus_scrofa/Info/Index）. On the other 
hand, whole genome shotgun sequencing of 

Completion of draft sequencing of the pig 
genome
Hirohide UENISHI1, Takeya MOROZUMI2, Hiroyuki KANAMORI2, 
Tomoko EGUCHI-OGAWA1, Naoe FUJISHIMA-KANAYA2, Toshimi 
MATSUMOTO2, Ayumi MIKAWA2, Naohiko OKUMURA2, Hiroki 
SHINKAI1,2, Kohei SUZUKI2, Maiko TANAKA-MATSUDA2, Daisuke 
TOKI2, Takahito BITO2, Nahoko FUJITSUKA2, Kozue KAMIYA2, Kanako 
KURITA2, Ari KIKUTA2, Harumi YAMAGATA2

1 Animal Genome Research Unit, NIAS, 2 STAFF Institute

Fig. 1  The female pig of Duroc breed subjected 
to draft genome sequencing
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high similarity to the human system. Pigs are 
regarded as large experimental animals for 
analyses that cannot be conducted with mouse 
or other small animals. To make the genome 
sequence more valuable, SGSC will continue 
the effort to improve the accuracy of the pig 
genome sequence.

the same individual conducted by the Sanger 
Institute and groups of Korea and China will 
be integrated shortly in the next version of 
genome sequence assembly. 

The genome sequence in the Ensembl 
database is now being subjected to genome 
annotation by several groups that are interested 
in particular fields such as immunity or 
lipid metabolism. In the genome annotation, 
information of gene transcripts, particularly 
full-length cDNA sequences, is invaluable 
for correct mapping of exons of genes. In 
addition to the genome sequencing, we have 
also conducted full-length-enriched cDNA 
library construction for various tissues and 
cell populations of pigs, analyzed expressed 
sequence tags （ESTs）, and sequenced the 
entire inserts of the cDNA clones. We have 
accumulated more than 280,000 ESTs mainly 
derived from full - length-enriched cDNA 
libraries, and completed sequencing of about 
25,000 cDNA clones extracted from the clones 
subjected to the EST analysis. Information of 
the cDNA and ESTs may be accessed through 
the Pig Expression Data Explorer （http://
pede.dna.affrc.go.jp/） with results of BLAST 
similarity search, as well as through public 
nucleotide databases （DDBJ/EMBL/GenBank）. 
This is a significant contribution to the 
annotation process of the pig genome.

The draft sequence of the pig genome will 
generate much benefit in research of livestock 
and biomedical sciences. It enables us to localize 
many markers on the whole genome and to 
conduct analyses for detection of relationships 
between useful traits and genomic regions, 
which will contribute to pig breeding based 
on molecular information. Furthermore, 
information about the pig genome accelerates 
the use of pigs as biomedical model animals, 
because the body size of pig is comparable 
to human. Moreover, physiological systems 
such as cardiovascular system in pigs show 

Fig. 2  Contribution of the Animal Genome Research 
Program (AGP) in the International Swine Genome 
Sequencing Consortium (SGSC)
AGP conducted sequencing of the genomic regions, which 
correspond to 42.3 Mb, on chromosome 6 and 7.

Fig. 3  Sequencing status of the pig genome at 
the announcement of completion of draft genome 
sequencing by SGSC
A bar indicates the ratio of the region that is already 
sequenced in each chromosome.
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