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Summary of the Third Five-year Plan (FY2011 - FY2015)

1 Enhancement of biological resources and development of research systems for
improvement of innovative crops and livestock

1-1 Conservation of genetic resources for food and agriculture and intensification of their
use

1-2  Development of a robust infrastructure for genomics-based approach in agricultural
research

1-2-1 Enhancing the potential of the genome sequence and resources from
agriculturally important organisms

1-2-2  Bioinformatics approach for advancement of agrobiological research

1-2-3  Genomics approach for advancement of research in crop improvement

1-2-4  Genomics approach for advancement of research in livestock production

1-2-5 Structural and functional analysis of biomolecules related to agriculture

2 Understanding life phenomena leading to enhancement of biological functions and
developing novel technologies for their applications

2-1 Research platforms on biological functions associated with improved productivity of
agricultural crops and livestock

2-1-1 Elucidation of the mechanisms involved in biomass production, growth,
differentiation, and environmental response of agricultural crops

2-1-2  Elucidation of the regulatory mechanisms involved in insect growth,
development and differentiation

2-1-3  Elucidation of the molecular mechanisms involved in the development and
differentiation of germ cell and stem cell of livestock

2-1-4  Elucidation of the mechanisms involved in the control of the behavior and
reproduction of livestock

2-2  Research platforms on biological interactions associated with improved productivity
and development of novel technologies for their applications

2-2-1 Elucidation of the mechanisms involved in plant pathogenic microbe infections
and development of innovative technologies for their applications

2-2-2  Elucidation of the mechanisms involved in crop response to microbial infection
and development of crop strains with multiple pathogen resistance

2-2-3  Elucidation of the mechanisms involved in plant and soil microbe symbioses

2-2-4  Elucidation of the mechanisms involved in insect pest infestation and plant
resistance to insects

2-2-5 Elucidation of insect-insect, insect-plant and insect-microbe interactions and
their applications

2-2-6  Elucidation of molecular mechanisms in animal immune systems

3 Development of innovative technologies based on biological functions to create new bio-
industries

3-0-1 Innovation of technologies for development of genetically modified crops and
intensification of their use

3-0-2 Development of novel technologies for efficient use of genetically modified
silkworm

3-0-3 Development of novel technologies for efficient use of genetically modified
animals

3-0-4 Development of novel technologies using biomaterials based on silk proteins

3-0-5 Elucidation of insect-specific biological functions and development of novel
technologies for their applications



Table of Contents

Summary Of the Thlrd Five—year Planeccccccccceecccccccccccccccccsssssssssns 1

Contents ............................................................... 2

Research Highlights

Plant and Microbial Sciences

* Draft sequence of the bread wheat genome:- - cerereecerereeceee. 4
¢ Establishment of an efficient CRISPR/Cas9 mediated genome editing

LTS R T R R REEERRE 6
* The universal pinpoint mutagenesis system in rice =« ccecceecccee.e 8
e Structural basis for the coevolution of Tomato mosaic virus and the resistance

Protein Tm-1-«cccceceeeeernnnrttetttiitttttttaittteeetannns 10
* Isolation and genome analysis of biocontrol Pseudomonas strains *--- - 12
* Development of multi-disease resistant rice with increased yield by

optimizing gene expression level of WRKY45 <+« ccccvcevecere v on e 14

Insect and Animal Sciences

* Identification and characterization of a novel carrier protein involved in
ant chemical COMMUNICAtION *++ =+ cvvrveesrresnneanaeenecaneeauesons 16
* Synergistic defensive function of raphides and protease- -+ --- 18
* Cloning of the brown planthopper resistance gene BPH26 from indica rice
cultivar induces sucking inhibition .................................. 20
e Start of experimental rearing of transgenic silkworms as ‘Type 1 Use’ in
an isolated ZOME® **cccccceeeeeecccccctttssssssscsccsssoscsccccccccccs 22
* Advances in transgenic silkworm screening and gene knock-in = --- - 24
¢  “Tough Silk” produced by transgenic silkworm expressing spider dragline
Silk protein ....................................................... 26

* Decoding the draft genome sequence of desiccation tolerant African midge - - 28



List of Publications (In order of the research themes for the Third Five-year Plan)

1-1  Conservation of genetic resources for food and agriculture and intensification of their

1-2-1 Enhancing the potential of the genome sequence and resources from agriculturally

IMPOTtant OrgaNISIS® « + = ¢+ st s e s e e seeeetenettitetttitieteetaneanennes
1-2-2 Bioinformatics approach for advancement of agrobiological research«««« <« cece
1-2-3 Genomics approach for advancement of research in crop improvement:« =+« -
1-2-4 Genomics approach for advancement of research in livestock production =« « =« <<« -+

1-2-5 Structural and functional analysis of biomolecules related to agriculture« =<« «««+«««--

2-1-1 Elucidation of the mechanisms involved in biomass production, growth, differentiation,

and environmental response of agricultural crops« =« cccceereceereceeeeeenn

2-1-2  Elucidation of the regulatory mechanisms involved in insect growth, development and

differentiatione = *ccccccseesececccsscccsssssscsssssososcssssssosccssssssccss

2-1-3 Elucidation of the molecular mechanisms involved in the development and

differentiation of germ cell and stem cell of livestock« =« = scececececececececenns

2-1-4  Elucidation of the mechanisms involved in the control of the behavior and reproduction

Of liVCStOCk ............................................................

2-2-1 Elucidation of the mechanisms involved in plant pathogenic microbe infections and
development of innovative technologies for their applications« « <« s« ccecececececes

2-2-2 Elucidation of the mechanisms involved in crop response to microbial infection and

development of crop strains with multiple pathogen resistance« <« ceceececeecees

2-2-3 Elucidation of the mechanisms involved in plant and soil microbe symbioses« =+« *

2-2-4  Elucidation of the mechanisms involved in insect pest infestation and plant resistance to

il’lS EClS  ***cccceessessecsscsscessssososcssssssoossssssocsssssosccssssoccss

2-2-5 Elucidation of insect-insect, insect-plant and insect-microbe interactions and their

applications ............................................................

2-2-6 Elucidation of molecular mechanisms in animal immune systems:« *« e ceeeeee

3-1  Innovation of technologies for development of genetically modified crops and

intensiﬁcation oftheir USE** c*scseceessssssoossssssososcsssssosccssssosccsssssns

3-2  Development of novel technologies for efficient use of genetically modified silkworm-52

3-3  Development of novel technologies for efficient use of genetically modified animals- - 53

3-4  Development of novel technologies using biomaterials based on silk proteins=®««««« -

3-5  Elucidation of insect-specific biological functions and development of novel

teChnOlOgieS for their applications ..........................................



Intellectual Contribution

Draft sequence of the bread wheat genome

Hirokazu Handa', Fuminori Kobayashi', Jianzhong Wu'"? Takeshi Itoh®, Tsuyoshi Tanaka®,
Hiroaki Sakai’, Takashi Matsumoto’

'Plant Genome Research Unit, ?Advanced Genomics Laboratory, *Bioinformatics Research Unit

In collaboration with the International Wheat Genome Sequencing Consortium (IWGSC),
we have contributed in producing the first “draft sequence” of the wheat genome, which is
40 times bigger than the rice genome, and identified 124,201 sequences as genes or gene
loci. The genome sequence data generated so far provide a unique resource for accelerating
gene mapping and marker development in wheat breeding.

Keywords:wheat, draft genome sequence, gene information, information of chromosomal location

Background

Wheat is one of major cereal crops with the second biggest production in the world, and together with rice and
maize, is a major dietary component for many populations across the world. The development of novel varieties
with desirable traits such as high yield and tolerance to biotic/abiotic stresses is therefore highly anticipated as a
solution to food shortage due to an ever-increasing population. Deciphering the genome sequence and
characterization of gene structure and function will accelerate our understanding of its biology with implications
in agriculture. The IWGSC makes efforts to obtain the high quality reference sequence of thel 7GB bread wheat
genome. As a member of IWGSC, we are working to sequence the wheat chromosome 6B and contributed to the
release of the draft genome sequence of wheat.

Results and Discussion

1. The IWGSC is an international, collaborative consortium, established in 2005 by a group of wheat scientists
in the world. The collaborators from Japan, which consist of research teams from the NIAS, Kyoto Univ.,
Yokohama City Univ. and Nisshin Flour Milling Co., are in-charge of wheat chromosome 6B, which
corresponds to 2.5 times the size of the rice genome (Fig. 1).

2. Using the wheat variety “Chinese Spring”, each chromosome of wheat was picked up by flow cytometry
technique and then DNAs were isolated from individual sorted chromosomes. Sequence information was
produced using high throughput ‘Next Generation Sequencing’ technology (Fig. 2).

3. The sequences were assembled into contigs for each chromosome covering a total of 10.2 Gb, or
approximately 61% of the wheat genome.

4. From the sequences represented in the assemblies, we have annotated 124,201 gene loci distributed nearly
evenly across the homologous chromosomes (Fig. 3).

5. We have sequenced 508 Mb of chromosome 6B, corresponding to 56% of the estimated size (914 Mb), and
identified 4,798 gene loci. Using this information, we carried the comparative analyses between wheat and
other Gramineae plants, such as rice, sorghum and Brachypodium (Fig. 4).

Future prospects

1. The draft sequence and gene information are useful for isolation and functional analysis of wheat genes. Due
to the complexity of the wheat genome, a hexaploid with AABBDD genome composition derived from three
ancestral species (Fig. 5), it was difficult to distinguish the homoeologous gene copies which resemble each
other. Although the draft sequence was able to identify and assign genes to individual chromosomes it does
not provide information that will allow breeders to identify the differences between genes that lie on the
chromosomes within the A, B and D subgenomes that will make it easier and more rapidly to localize specific
genes for DNA marker assisted breeding.

2. The draft genome sequence will enable breeders to accelerate the improvement of wheat through genomics
assisted breeding and biotechnology, which will result in new wheat varieties with higher yield, better



resistance to diseases and pests, and tolerance to abiotic stresses. The sequence information of chromosome
6B is useful to improve wheat grain quality, resistance to Fusarium head blight, etc.
3. The ultimate goal of the IWGSC is to produce the complete wheat genome sequence, or the so-called reference

sequence with 85% coverage of the 21 wheat chromosomes.
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Fig. 1. Current status of genome sequencing in terms of physical
map construction (top panel), draft genome sequencing (middle)
and reference genome sequencing (bottom). The state of progress

Fig. 2. Isolation of wheat chromosome 6B
by flow cytometry.
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Intellectual Contribution

Establishment of an efficient CRISPR/Cas9 mediated genome
editing system in rice

Masaki Endo, Seiichi Toki

Plant Genome Engineering Research Unit

We compared the mutation frequency in various Cas9, sgRNA constructs under the
same experimental condition and established an efficient targeted mutagenesis system via
CRISPR/Cas9 system in rice. Using the sgRNA designed on the conserved region, multiple
paralogous genes were mutagenized by single sgRNA by on- and off-target cleavage. In
addition, we revealed that extension of the culture period of rice calli expressing Cas9 and
sgRNA is an effective approach for increasing mutation efficiency.

Keywords:rice, CRISPR/Cas9, genome editing

Background

The clustered regularly interspaced short palindromic repeat (CRISPR)-associated endonuclease 9 system
(CRISPR/Cas9) has been demonstrated to be a robust genome engineering tool in a variety of organisms. There
have also been several reports of successful CRISPR/Cas9-mediated targeted mutagenesis in rice. However,
comparison of each result doesn’t make sense because target genes, tissues used for transformation, and evaluation
methods of mutation frequency differ in each report. So we compared the mutation frequency in various Cas9,
sgRNA expression constructs under the same experimental condition and selected the one that showed
predominant expression. Furthermore, we attempted to disrupt multiple paralogous genes by using off-target
mutation of CRISPR/Cas9, which is often regarded as a disadvantage in using the CRISPR/Cas9 system. In
addition, we analyzed the effect of culture period of calli expressing Cas9 and sgRNA to determine the factors
affecting mutation frequency.

Results and Discussion

1. We introduced Cas9 and sgRNA expression cassettes separately and sequentially into rice calli, and assessed
the frequency of mutagenesis at the same endogenous targeted sequences (Fig. 1A). As a result, the best
combination of Cas9, sgRNA was determined and all-in-one vector of these constructs was confirmed to be
useful for target mutagenesis of rice with high-efficiency (Fig. 1B).

2. CRISPR/Cas9 system has some propensity for causing off-target mutations and it is often regarded as a
disadvantage. We attempted to use this off-target mutation for inducing mutations in paralogous genes in rice.
When sgRNA was designed on consensus sequence of 4 CDK genes, mutation frequency of on-target gene
(CDKB2) and the most strong candidate (CDKA2) with 1-nt mismatch in 20bp target sequence were almost
the same. However, as the number of mismatch increased and the position of mismatch come close to PAM
sequence (NGG), mutation frequency was decreased (Fig. 2, CDKB1 and CDKA1).

3. Mutation frequency largely depends on the target sequence (data not shown). However, extension of the
culture period of calli expressing Cas9 and sgRNA was effective for increasing the ratio of mutated cell (Fig. 3).

Future prospects

1. Because vector construction of CRISPR/Cas9 system is much easier than ZFNs and TALENs and mutation
frequency of CRISPR/Cas9 is relatively high, CRISPR/Cas9 system will be the major artificial nuclease
used for genome engineering. In plant, direct delivery of RNA to plant nuclei is difficult. Thus, utilization of
appropriate expression constructs for both gRNA and Cas9 is important. The CRISPR/Cas9 vector established
in our study has been proven in many laboratories to induce targeted mutagenesis efficiently in rice and will
contribute molecular breeding of rice.

2. Off-target mutation is often referred to as a disadvantage in using the CRISPR/Cas9 system. However, we
showed that such off-target mutations can be used for knockout of multiple genes with high homology by



single sgRNA. In case of the gene families in polyploid or diploid plants, disruption of multiple genes is
necessary to obtain the desired phenotype. Our study showed that off-target mutations could be utilized for
plant molecular breeding.

Regenerated plants
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Fig. 1. Selection of appropriate Cas9 and sgRNA expression construct in rice. (A) Six Cas9 constructs and two sgRNA
constructs were transformed into rice calli separately and sequentially. The best combination of Cas9 and sgRNA
construct was determined and an all-in-one vector was constructed. (B) Using an all-in-one vector, targeted mutagenesis
of drooping leaf (DL) gene was conducted. As a result, bi-allelic mutants with the drooping leaf phenotype were obtained
efficiently.
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Reference
1. Endo M, Mikami M, Toki S (2015) Multigene knockout utilizing off-target mutations of the CRISPR/Cas9
system in rice Plant and Cell Physiology 56 (1):41-47
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The universal pinpoint mutagenesis system in rice
Ayako Nishizawa-Yokoi, Masaki Endo, Namie Ohtsuki, Hiroaki Saika, Seiichi Toki
Plant Genome Engineering Research Unit

We have succeeded in establishing a technique that allows pinpoint genome editing
in rice. This is made possible by gene targeting with positive-negative selection and
subsequent marker excision via piggyBac transposon.

Keywords:rice, gene targeting, positive-negative selection, marker excision, piggyBac transposon

Background

Gene targeting (GT) is a technique for accurate genome editing. Using GT with positive-negative selection, the
positive selection marker gene should be removed completely from GT locus. However, no such system has been
established so far. Here, we have succeeded in accurate excision of marker without leaving a footprint at the
excise site using insect-derived piggyBac transposon.

Results and Discussion

1. We attempted to introduce targeted two point mutations conferring resistance to herbicide into the rice
acetolactate synthase (4LS) gene via GT with positive-negative selection (Fig. 1A:Stepl). Subsequently, the
positive marker gene was excised by piggyBac transposition leaving targeted two point mutations on the ALS
gene (Fig. 1A:Step2).

2. The transgenic calli harboring a modified ALS locus containing point mutations and positive selection marker
were then selected and subjected to Step2. PCR analysis revealed that the marker gene was excised completely
from ALS locus by piggyBac transposition in 99 out of 100 regenerated plants from five independent calli
lines (Fig. 1B). Sequencing analysis demonstrated transposition of piggyBac without leaving a footprint at the
excise site.

3. We confirmed that the transcripts of modified ALS locus were comparable to that of wild-type ALS gene
in T, progenies obtained from marker-free regenerated plants (Fig. 2A and 2B). Furthermore, T, progenies
containing modified ALS locus showed the herbicide-tolerant phenotype (Fig. 2C).

4. This approach was also applied successfully in pinpoint mutagenesis of several genes in rice.

Future prospects

1. The marker-free T, progenies containing the two point mutations in ALS gene but without the expression
cassette of piggyBac transposase were obtained from marker-free regenerated plants. These plants contained
only the targeted point mutations in the ALS gene without any dispensable sequences and are therefore similar
to plants generated by classical mutation breeding techniques.

2. The piggyBac mediated transposition system could be used not only in rice but also in other plant species. The
development of an effective GT system with positive-negative selection could facilitate pinpoint mutagenesis
of target gene in several plant species.
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Fig. 1. Strategy for the introduction of point mutations into the ALS locus via GT and subsequent marker excision from GT
locus using piggyBac transposon. (A) Schematic diagram of GT at the ALS locus. Step1:The point mutations conferring
resistance to herbicide (red star) and positive selection marker were introduced into the ALS locus by homologous
recombination. Step2:GT calli were again infected with Agrobacterium harboring a transposase (PBase) expression
vector and the positive selection marker was excised by piggyBac transposition. (B) The frequency of piggyBac-mediated
marker excision in PBase-expressing regenerated plants.
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Fig. 2. Analysis of the ALS gene harboring mutations in T, progenies. (A) Diagram showing the targeted ALS locus. (B)
CAPS analysis combining PCR analysis using ALS gene-specific primers (arrowheads) with cDNA and Mfel digestion
in T, plants carrying the wild-type (wt) or modified ALS gene (heterozygous or homozygous). (C) Herbicide-tolerant
phenotype of T, plants.

Reference
1. Nishizawa-Yokoi A, Endo M, Ohtsuki N, Saika H, Toki S (2015) Precision genome editing in plants via gene
targeting and piggyBac-mediated marker excision The Plant Journal 81 (1):160-168



Intellectual Contribution

Structural basis for the coevolution of Tomato mosaic virus and
the resistance protein Tm-1

Kazuhiro Ishibashi', Chihoko Kobayashi’, Masahiko Kato’?, Masayuki Ishikawa', Etsuko
Katoh®

' Plant-Microbe Interactions Research Unit, 2 Biomolecular Research Unit

We determined the crystal structures for the complex between the N-terminal inhibitory
domain of Tm-1 and helicase domain of tomato mosaic virus replication proteins (ToMV-Hel).
The complex contains a Tm-1 dimer and two ToMV-Hel monomers, with the Tm-1-ToMV-Hel
interface bridged by an ATPyS. Residues in ToMV-Hel and Tm-1 involved in antagonistic
coevolution are also found at the interface. The crystal structures provide an atomic view
of step-by-step coevolutionary arms race between a plant resistance protein and a viral
protein.

Keywords:tomato mosaic virus, crystal structure, protein complex, arms race, coevolution

Background

Viruses evolve so rapidly that they can escape host defense systems. As a counter strategy, the sequences of
many host restriction factor genes are subject to positive selection and, consequently, evolve rapidly. Molecular
evolutionary approaches in conjunction with the tertiary structures of related proteins may provide useful
information on virus—host evolutionary arms races. We previously found that the resistance protein Tm-1 binds the
tomato mosaic virus (ToMV) replication proteins thereby inhibiting RNA replication, and that a part of the 7m-1/
gene has been under positive selection. In this study, we aimed to clarify the atomic details of the coevolutionary
arms race between them through crystal structure determination and molecular dynamics simulation.

Results and Discussion

1. The ToMV replication proteins are involved in RNA replication and harbor a superfamily 1 (SF1) helicase-
like domain (ToMV-Hel). Determination of the crystal structure of ToMV-Hel revealed a novel N-terminal
domain tightly associated with a helicase core. Prediction of secondary structures in other viral SF1 helicases
and comparison of those structures with that of the ToMV-Hel suggested that many viral SF1 helicases have a
similar fold.

2. We determined a crystal structure of a complex of an N-terminal fragment of Tm-1 (residues 1-431:referred to
herein as Tm-1 (431)), which is sufficient for the inhibitory activity, and ToMV-Hel. The structure of Tm-1 (431)
and ToMV-Hel complex shows a tetrameric complex, comprised of a Tm-1 (431) dimer and two monomeric
ToMV-Hel. Notably, an ATPyS molecule is found in each ToMV-Hel-Tm-1 (431) interface and ATP is
required for the complex formation.

3. The residues in ToMV-Hel that are changed in the resistance-breaking mutant LT1, which has Q979 to E and
H984 to Y substitutions, are directly involved in the interaction. The positively selected region of Tm-1 forms
the binding surface with ToMV-Hel.

4. A naturally occurring amino acid change (I91 to T) in Tm-1 makes it a stronger inhibitor of ToMV RNA
replication, which enables it to inhibit the replication of LT1. We also solved the structure of the ToMV-Hel—
Tm-1 (431/191T) complex. The overall structure of this complex is very similar to that of the ToMV-Hel-
Tm-1 (431) complex. In the ToMV-Hel-Tm-1 (431/191T) structure, T91 is located at the center of the interface
with ToMV-Hel, and is involved in a hydrogen bond network containing water molecules. The structural
information reasonably explains how the 191 to T substitution strengthens the inhibitory activity of Tm-1.

5. Based on the crystal structure, we simulated how the resistance-breaking mutations in ToMV-Hel affect the
interaction with Tm-1. Together with all above results, an atomic view of the step-by-step coevolutionary arms
race between a plant resistance protein and a viral protein emerged.



Future prospects

1. The structures revealed here provide useful information in developing new anti-viral drugs.

2. Although co-evolution between ToMV-Hel and Tm-1 has been described based on the structure, there are
many unclear points for TOMV replication. We are going to obtain the structural information of the full length

replication protein.
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Yuichiro Kezuka, Takamasa Nonaka (Iwate Medical University), Tsuyoshi Inoue, Hiroyoshi Matsumura (Osaka

University)
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Intellectual Contribution

Isolation and genome analysis of biocontrol Pseudomonas
strains

Kasumi Takeuchi' , Naomi Noda', Yuichi Katayose?, Yoshiyuki Mukai’, Hisataka Numa®

'Plant-Microbe Interactions Research Unit, ?Agrogenomics Research Center

We have isolated three strains of pseudomonads, namely, Cab57, Os17 and St29 that
suppress plant diseases in the rhizosphere that could facilitate effective and ecological
applications of biocontrol agents. The strain Cab57 was identified as Pseudomonas
protegens, whereas strains Os17 and St29 were found to be the closest to P. protegens
although they showed different 16S rRNA pattern. Comparative genome analysis also
revealed the biocontrol factors which are important for the plant protection efficacy of the
strain Os17.

Keywords:plant protection, biocontrol strains, comparative genome analysis

Background

Pseudomonas protegens and some other root-colonizing pseudomonads classified into the Pseudomonas
fluorescens group are effective biocontrol strains, which suppress plant diseases in the rhizosphere. Screening for
plant beneficial pseudomonads has led to advances in biocontrol research particularly in effective and ecological
application of biocontrol agents. In this study, we aimed to screen biocontrol pseudomonad strains relative to P,
protegens in the fields in Japan. We also identified biocontrol factors which are important for the plant protection
efficacy through the genomic comparison and characterization of each strain.

Results and Discussion

1. Approximately 2,800 fluorescent pseudomonads were obtained from plant roots. Based on PCR analysis,
a total of 48 isolates were selected as candidates of 2,4-diacetylphloroglucinol-producing (phlD") strains,.
Among them, Cab57 was identified as P. protegens based on 16S rRNA gene analysis (with 100% identity)
and whole-genome analysis. The genome is organized into a single circular chromosome with 6.8 Mbp (Table
1).

2. Strains Os17 and St29, which organized into a single circular chromosome with 6.9 Mbp and 6.8 Mbp,
respectively, were found to belong to the same species. Although these strains were relatively closest to P.
protegens, they were also found to be different based on 16S rRNA gene and whole-genome analyses (Table 1).

3. The genes associated with Gac/Rsm signal transduction pathway are fully conserved in these strains as
reported in P. protegens. Strain Cab57 was found to exhibit typical Gac/Rsm activities and antibiotic
production, which were enhanced by knocking-out the retS gene, a sensor kinase acting as an antagonist of
GacS (Fig. 1A).

4. Strains Cab57 and Os17 showed prominent plant protection efficacy at the same level of strain P. protegens
CHAQO, whereas strain St29 was less effective (Table 1).

5. Comparative genome analysis revealed that the complete rhizoxin analog biosynthesis gene cluster (ca. 79
kb) found in the Os17 genome was absent in the St29 genome. In an 7zxB mutant, which lacks the polyketide
synthase essential for the production of rhizoxin analogs, the growth inhibition activity against fungal and
oomycete pathogens (Fig. 1B) and the plant protection efficacy were attenuated as compared with those of
wild-type Os17. These findings suggest that rhizoxin analogs are important biocontrol factors of this strain.

Future prospects

1. Strains Cab57 and Os17 are effective for the application as biocontrol agents.
2. These strains are also useful as antibiotic producers.



Table 1. General genomic features and comparison of plant protection efficacy of Pseudomonas protegens CHAO,
P. protegens Cab57, Pseudomonas sp. Os17, and Pseudomonas sp. St29.

CHAO Cabs7 Os17 St29
Genome size (bp) 6,867,980 6,827,892 6,885,464 6,833,117
Coding sequence number 6,115 6,186 6,195 6,217
G+C content (%) 63.4 63.3 63.5 63.3
Gac/Rsm homologs conserved conserved conserved conserved
Plant protection efficacy ++ ++ ++ +

* Jousset et al., Genome Announcement 2014 2(2): ¢00322-14.

Fig. 1. Antibiotic activities of Pseudomonas strains toward Pythium ultimum. (A)
Antibiotic activity of P. protegens Cab57 wild type was enhanced by knocking-
out the retS gene. (B) Antibiotic activity of Pseudomonas sp. Os17 wild type was
attenuated by knocking-out the rzxB gene.

Collaborators
Kosumi Yamada (University of Tsukuba), Nobutaka Someya (National Agriculture and Food Research
Organization)
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Development of multi-disease resistant rice with increased yield
by optimizing gene expression level of WRKY45
Hiroshi Takatsuji, Shingo Goto, Fuyuko Shimoda-Sasakura, Mai Suetsugu, Michael Gomez

Selvaraj, Nagao Hayashi, Muneo Yamazaki, Manabu Ishitani, Masaki Shimono, Shoji Sugano,
Akane Matsushita, Takanari Tanabata

Disease Resistant Crops Research Unit

Driving the gene for the rice transcription factor WRKY45 with a strong promoter rendered
the rice plants extremely resistant to multiple diseases at the cost of significant reduction
in yield. We have succeeded in developing rice plants that are resistant to multiple diseases
while retaining good yield.

Keywords:rice, blast disease, chemical defense inducer, WRKY45, OsUbi7 promoter

Background

Yield of rice decreases due to various infectious diseases such as blast disease caused by fungal pathogen and
leaf-blight disease caused by bacterial pathogen. WRKY45 is a rice transcription factor that plays a central role in
the functioning of chemical defense inducers, such as probenazole and benzothiadiazole. Overexpression of its
gene in rice rendered rice plants extremely resistant to multiple diseases including rice blast and leaf blight (multi-
disease resistance), which should lead to drastically reduced necessity of pesticides. However, driving WRKY45
gene under the control of strong promoter (P, ) severely reduced the yield. Here, we attempted to optimize
WRKY45-expressing rice by driving WRKY45 cDNA with several rice-derived promoters of various strengths to
develop practical multi-disease rice.

Results and Discussion

1. We fused 2-kb upstream sequences of 16 rice genes, which have different constitutive expression levels,
upstream of WRKY45 cDNA and obtained a large number of transformant lines (T,). Of these, we selected
homozygous lines that showed resistance to both rice blast and leaf blight diseases.

2. Evaluation of the growth and yield of the homozygous lines in confined greenhouse revealed that OsUbi7-
promoter-driven WRKY45 expression rice lines (Po,;) showed the best balance in terms of multi-disease
resistance and rice yield.

3. Field trials in confined fields in Japan and overseas (Korea and Columbia) showed that P, lines showed
growth and yield very similar to those of control untransformed Nipponbare rice (Fig. 1). A nursery upland
experiment revealed that P, plants have strong resistance to rice blast.

4. Pouuiz lines were resistant to all 4 races of blast fungus tested and 6 races of leaf blight pathogens (Xoo) tested
including 3 races isolated in foreign countries, indicating that the disease resistance of Py, lines is race-
nonspecific (Fig. 2).

5. Exposure to low temperature (8°C , 7 d) followed by room temperature in nursery killed most of P, plants,
while Nipponbare plants survived (Fig. 3). Treatment with 250 mM NaCl for 3 d also killed only the the P,y
plants. Defense genes such as PR genes were induced under both the stress conditions in the Py, plants but
not in Nipponbare suggesting a relationship between the gene expression and the stress hypersensitivity of
the Pz, plants. Unlike the Py, plants, P,z plants survived the stress conditions similar to Nipponbare
(Fig. 3). These results indicate that the use of the OsUbi7 promoter for driving WRKY45 saved the stress
hypersensitivity resulting from WRKY45 overexpression.



Future prospects

1. We are now selecting the best Py,;;7 lines with a genetic background of forage rice towards the development
of practical multi-disease resistant forage rice.

2. We are also developing a WRKY45 expression line in which WRKY45 is driven by a pathogen-inducible
promoter, and can be cultivated without using pesticides.

3. Foreign companies and organizations are interested in our technology.

Fig. 1. Field trial in a confined field in Colombia.

Pznus Plants (right) show poorer growth and less yield
but Pogusiz plants (left) showed comparable agronomical
traits comparable with Nipponbare.
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Fig. 2. Disease resistance of WRKY45 expression lines. Fig. 3. Low-temperature sensitivity of WRKY45
Pzmubin Posusizn @and Nipponbare plants were tested for disease expression lines. Most of P, plants exposed to
resistance. low temperature (8°C) for 7d, and transferred to
(A) Blast resistance against 2 races of fungal pathogen. room temperature died,whereas the P, and
(B) Leaf blight resistance against 3 races of bacterial pathogen Nipponbare plants survived.

isolated in Japan.
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Identification and characterization of a novel carrier protein
involved in ant chemical communication

Toshimasa Yamazaki', Wataru Tsuchiya', Zui Fujimoto', Mitsuhiro Miyazawa® Jun Ishibashi’
'Biomolecular Research Unit, ’Insect Mimetics Research Unit

A new carrier protein involved in ant chemical communication was identified and
characterized. The ligand-binding pocket of this protein was composed of a flexible
B -structure that allowed it to bind and deliver a wide range of hydrophobic semiochemicals.
The defined molecular mechanism of ligand recognition may help us to develop new tools
for pest ant management.

Keywords:worker ant, semiochemical, carrier protein, structure-based drug design

Background

Ants are eusocial insects that distribute tasks among individuals belonging to different castes. To fulfill caste-
specific tasks, ants have developed a sophisticated system of chemical communication using sensory organs
(sensilla) that detect molecules carrying task-specific information (semiochemicals). The antennae are the major
chemosensory organs in ants. Once the semiochemicals have entered the sensillum through pores, they reach the
aqueous sensillum lymph, which contains carrier proteins that bind the hydrophobic molecules and deliver them to
various chemoreceptors residing in the membrane of the neuron’s dendrites (Fig. 1). Worker ants are responsible
for various tasks that are required for colony maintenance. In their chemical communication, o-helical carrier
proteins, odorant-binding proteins (OBPs) and chemosensory proteins (CSPs), which accumulate in the sensillum
lymph in the antennae, play roles in transporting semiochemicals to chemoreceptors. However, the number of
these carrier proteins is not sufficient to bind the large number of semiochemicals that are recognized by ants. It is
therefore hypothesized that there are undefined carrier proteins involved in chemical communication in worker
ants and some of them must possess a ligand-binding pocket that interacts with a variety of semiochemicals.
Screening for worker-antenna-specific genes in the Japanese carpenter ant, Camponotus japonicas, enabled us to
identify a novel carrier protein that is capable of delivering various hydrophobic semiochemicals to chemosensory
receptor neurons.

Results and Discussion

1. We identified a worker-antenna-specific gene that is involved in chemical communication of the Japanese
carpenter ant, Camponotus japonicas. We named the protein encoded by this gene CjapNPC2 due to its high
similarity to the Niemann-Pick type C2 (NPC2) protein which is an essential carrier protein for intracellular
cholesterol transport in vertebrates including human. CjapNPC2 was exclusively expressed in the antennae
and was specifically accumulated in the lymph-filled cavities of the basiconic sensilla.

2. Ligand binding studies revealed that CjapNPC2 is able to bind various hydrophobic molecules including long-
chain fatty acids, alcohols and acetates at neutral pH but not at an acidic pH, suggesting the pH-dependent
ligand binding and dissociation that are characteristic features of the carrier protein. In addition, some of the
tested ligands can provide electrophysiological signals in the antenna of worker ants. It is noteworthy that
CjapNPC2 is not able to bind cholesterol while the vertebrate NPC2 does not bind to long-chain fatty acids (Fig.
2).

3. The crystal structures of the apo and oleic acid-bound CjapNPC2 unveiled the molecular mechanism of
the ligand recognition which distinct from those by the a-helical carrier proteins of OBP and CSP (Fig. 3).
CjapNPC2 adopts a P-sandwich structure with a large hydrophobic cavity for binding of the ligand in a
U-shaped conformation (Fig. 3A). Intrinsic flexibility of the ligand-binding cavity of CjapNPC2, particularly
at the entrance regions, may contribute to its moderate selectivity and thus facilitate entry and binding of a
wide range of potential semiochemicals.



Future prospects

1. As the function of CjapNPC2 is quite different from that known in vertebrates, this protein is an attractive

target for development of new tools for pest ant management.

The defined molecular mechanism of ligand recognition by CjapNPC2 should open the door to the structure-

based design of safe ant insecticides that disrupt chemical communication.
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Fig. 2. Ligand selectivity of Niemann-Pick type c2 proteins
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Collaborators

Fig. 1. Schematic representation of the general
structure of an ant olfactory hair. The ant
chemosensory signal transduction pathway
is initiated by transport of a semiochemical
molecule in the sensillum Ilymph as a
complex with its carrier protein to the proper
chemoreceptor.

Fig. 3. Structures of semiochemical carrier proteins
in insects. (A) Niemann-Pick type C2 protein
from the Japanese carpenter ant (CjapNPC2) in
complex with oleic acid. (B) Odrant-binding protein.
(C) Chemosensory protein. Bound molecules are
shown as space-filling models.

Yuko Ishida (Toyama Prefectural University), Takeshi Fujii, Yukio Ishikawa (University of Tokyo), Shigeru
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Synergistic defensive function of raphides and protease

Kotaro Konno', Takashi A. Inoue', Masatoshi Nakamura®

'Insect-Plant Interaction Research Unit, ’Genetic Resource Conservation Research Unit

We clarified that raphides, calcium oxalate needle crystals, exert strong insecticidic or

growth-inhibiting activities against insects and function as a defense of plants against
herbivorous insects by synergistically intensifying the defense activity of cysteine protease
that coexist with raphides in plant tissues.

Keywords:raphide, calcium oxalate, needle crystal, cysteine protease, plant defense, plant-insect
interaction

Background
Raphides, tiny needle-shaped calcium oxalate crystals, are present in large amount in tissues of many plant species

including kiwifruit, pineapple, taro, yam, and grape. Although raphides may play defensive roles against
herbivores, there are no direct experimental evidence showing their modes of function based on purified
raphides. Since raphides frequently coincide in the same plant tissue with other defensive substances such
as protease in the case of kiwifruit and pineapple, we hypothesized that raphides make holes in plant tissues
and/or cell membranes and facilitate other defense substances to reach their targets, thereby intensifying the
defense activity of defense substances, which can be called the needle effect. Therefore, we performed clear
bioassays feeding the larvae of the Eri silkmoth (Samia ricini) with leaves from the host castor oil plant (Ricinus
communis) painted with the raphides purified from kiwifruits (Actinidia deliciosa) in the presence or absence
of cysteine protease (or other defense proteins) that often coincide with raphides in plant tissues.

Results and Discussion

1.

We successfully purified raphides by homogenizing kiwifruit tissues in heavy liquid (dense CsCl solution with
a specific gravity of 1.8), centrifugation of the homogenate, and collecting the precipitate with specific gravity
of more than 2. The collected raphides were very sharp with a length of 0.1mm (Fig. 1).

A much stronger defense activity was observed in the presence of both raphides and cysteine protease than
either raphides or cysteine protease only (Fig. 2, Table 1). When neonate larvae of the Eri silkmoth were fed
with leaves of castor oil plant painted with either 41.7ug/cm” of raphides (Fig. 2B) or 0.22mg/cm’ of cysteine
protease only (Fig. 2C), the mortality rate was very low (0%) and the larvae grew nearly as well as when they
were fed with unpainted castor oil plant leaves (Fig. 2A). Even when the larvae were fed with leaves painted
twice the concentration of either raphides or cysteine protease, defensive activities remained weak. In contrast,
when larvae were fed with leaves painted with both raphides and cysteine protease together, extremely strong
defense activity was observed with larval mortality of 69% without any trace of growth, the larvae died within
two hours and the body turned black and soft (Fig. 2D). These results indicated that raphides and cysteine
protease exert synergistic defensive function against insect herbivores. Our results also clarified that the
toxicity of cysteine protease was intensified to 16-32 times in the presence of a small amount of raphides (Table
1).

The needle-like shape is an essential factor in the synergistic defense effect of raphides; amorphous calcium
oxalate crystal and cysteine protease did not show any synergistic effect.

Raphides also showed synergistic defense activities with chitinase as well as protease suggesting that raphides
may function as a general intensifier of various defense substances.



Future prospects

1. Synergism between raphides and other defensive substances will facilitate a deeper understanding of the
defense mechanisms of many cultivated plants that contain raphides such as kiwifruit, pineapple, taro, yam,
and grape.

2. Raphides can possibly be used as an intensifier of agrochemicals and defense proteins, and the synergistic
function may help in developing insect resistant crop varieties.
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Fig. 1. Raphides, needle-shape calcium oxalate Fig. 2. Synergistic defensive function of raphides and
crystals that were purified from kiwifruit have very cysteine protease against insects. Leaves painted with
sharp shape measuring ca. 0.1 mm in length. raphides alone, cysteine protease alone, or those painted

with both are fed to the larvae of Eri silkkmoth and defensive
activities were compared among treatments. (A) Control
(unpainted leaf), (B) Leaf painted with raphides. (C) Leaf
painted with cysteine protease, (D) Leaf painted with both
raphides and cysteine protease. Strong defensive activities
(growth inhibition and insecticidic activity) were observed
only when the leaf was painted with both raphides and
cysteine protease (D).

Table 1. Numerical relationship between raphides and cysteine protease in terms of synergism defensive effects based

on mortalities of Eri silkworm in day 1 (%) are indicated in the table (n=16-17, — ; not tested).
Raphides
Cysteine protease (ug/cm?) 0 5.2 10.4 41.7 83.3
(mg/cm?)
0 0.0 0.0 0.0 0.0 0.0
0.014 0.0 0.0 0.0 0.0 —
0.028 0.0 0.0 0.0 0.0 —
0.056 0.0 31.3 23.5 23.1 —
0.11 0.0 31.3 87.5 37.5 —
0.22 0.0 81.3 87.5 68.8 —
0.44 23.1 — — — —
0.89 0.0 — — — —
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Cloning of the brown planthopper resistance gene BPH26 from
indica rice cultivar induces sucking inhibition

Yasumori Tamura', Makoto Hattori', Akira Takahashi’, Jianzhong Wu®, Naoki Sentoku*

‘Insect-Plant Interaction Research Unit, °Disease Resistant Crops Research Unit, *Advanced Genomics
Laboratory, “Functional Plant Research Unit

Brown planthopper (BPH) is a serious pest of rice. A BPH-resistance gene, BPH26, was
cloned from an indica rice cultivar. It was revealed that although the stylet of BPH could
reach the phloem, it could not suck the phloem sap from the rice plants carrying BPH26 and
subsequently died from starvation.

Keywords:indica rice cultivar, brown planthopper, Nilaparvata lugens Stal, BPH resistance gene,
sucking inhibition, BPH26, NBS-LRR

Background

The brown planthopper (BPH), Nilaparvata lugens Stal, is an important pest of rice (Fig. 1), which causes
serious damage to rice cultivation by sucking the phloem sap until the plant dies. Since BPH strains showing
resistance to insecticides such as imidacloprid have emerged, the issue of BPH damage to rice cultivation has
become more serious. Although it has been reported that BPH26 could confer resistance to BPH which has
recently migrated to Japan because of the coexistence of BPH25, the BPH26 has not been cloned yet.
Development and utilization of BPH-resistant rice varieties will promote environment-friendly and low-cost
agricultural practices involving limited use of pesticides.

Results and Discussion

1. The chromosomal location and nucleotide sequences, and functions of BPH26 were analyzed, and DNA
markers of BPH26 were developed for marker-assisted breeding.

2. The BPH26 was identified using transgenic rice lines with the gene. It was revealed that BPH could not suck
the phloem sap from rice varieties carrying BPH26 and died from starvation, although the stylet could reach
the phloem (Fig. 2). When BPH was released on two varieties, one with BPH26 and the other without BPH26,
only the variety with BPH26 survived the insect infestation (Fig. 3 and Fig. 4).

3. The BPH26 protein closely resembles rice NBS-LRR proteins, which are involved in signal perception and
transduction during infection by pathogens. This suggests that BPH26 protein is a receptor involved in the
signal perception and transduction activated during BPH attack.

Future prospects

1. The BPH26 gene in coexistence of BPH25 conferred resistance to the BPH biotype that neither BPH26 nor
BPH25 was effective against.

2. DNA markers of BPH25 for marker-assisted breeding are currently under development. A broad-spectrum
BPH-resistant variety against some BPH biotypes can be developed by using two DNA markers for the two
genes (BPH25 and BPH26).

— 20 —



Fig. 1. A brown planthopper sucking rice phloem sap.
The rice plant dies because of the loss of nutrient content
in the phloem sap.

Japonica rice with BPH26

Japonica rice

Fig. 3. Rice seedlings after one week of BPH release.
Although the susceptible japonica rice variety (left) was
almost wilted, the rice variety carrying BPH26 (right) grew
vigorously.

Collaborators

Total time of sieve-tube sucking (h)

Japonicarice  Japonica rice with BPH26

Fig. 2. Total duration of phloem ingestion in the two rice
lines during a 10-hour measurement period.

dm

Fig. 4. Diagram showing BPH26 induced resistance.
BPH cannot suck the phloem sap and subsequently dies
from starvation.

Hideshi Yasui (Kyushu University), Hirofumi Yoshioka, Miki Yoshioka (Nagoya University)
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Start of experimental rearing of transgenic silkworms as ‘Type 1
Use’ in an isolated zone

Natuo Kémoto', Kenji Yukuhiro', Tetsuya lizuka', Eiji Okada', Mai Tsuda’, Yutaka Tabei’,
Shuichiro Tomita', Makoto Kiuchi*, Hideki Sezutsu’

'"Transgenic Silkworm Research Unit, ’Soybean Applied Genomics Research Unit, *Research Promotion
Section for Genetically Modified Organisms, *Genetic Resources Conservation Research Unit

In order to achieve the introduction of transgenic silkworms into sericultural farms, we
have started the experimental rearing of transgenic silkworms as a first case in compliance
with the ‘Type 1 Use’ of transgenic animals in Japan, and conducted studies in management
approaches and monitoring.

Keywords:transgenic silkworms, Type 1 Use, biodiversity risk assessment, high function silk

Background

We are developing transgenic silkworms which produce silk with high value in order to establish new
industries. However, introduction of genetically modified silkworm in sericultural farms requires ministerial
approval after application with a biological diversity risk assessment report (Fig. 1). The silkworm, Bombyx mori,
is an extremely domesticated animal, which is unable to survive or reproduce in nature. Appropriate assessment of
the impact of possible crossing with a wild relative, B. mandarina, is expected. We reviewed the possibility of
incidental crossing that may have occurred around sericultural farms. We have also started experimental rearing of
transgenic silkworm producing green-fluorescent silk, with ministerial approval for the usage in an isolated zone
in compliance with the ‘Type 1 Use’ of transgenic animals in Japan, in order to evaluate the impact on biodiversity.

Results and Discussion

1. The mitochondrial COI haplotypes of 3,633 B. mandarina moths collected in 37 areas in Japan from Hokkaido
to Kumamoto are clearly different from those of 147 strains of B. mori, showing no signs of crossing between
the two species.

2. The fifth-instar larvae of B. mori (800 in total) reared outdoor were completely captured by insects and birds
and no cocoons were found.

3. There is no statistically-significant difference in walking distance of fifth-instar larvae between transgenic
silkworms producing green-fluorescent silk and non-transgenic silkworms (Fig. 2A). The female moths of the
transgenic strain laid eggs in smaller areas.

4. There is no statistically-significant difference in the impact of sericultural wastes on the germination and
growth of broccoli and soil bacteria (Fig. 2B).

5. For the investigation of impact of transgenic silkworms on biodiversity in the condition of sericultural farms,
we have started experimental rearing of silkworms producing green-fluorescent silk as Type 1 Use’ in an
isolated zone (Fig. 3). Monitoring around the zone yielded no hybrids between the transgenic silkworm and
wild silkworm, B. mandarina.

Future prospects

1. The procedures presented in this study have made it possible to evaluate the impact of transgenic silkworm
rearing on biological diversity from the perspective of behavioral characteristics and hazardous substance
production. In addition, the data obtained by the experimental rearing in the isolated zone will encourage the
approval of transgenic silkworm rearing in sericultural farms.
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Fig. 2. Comparison of transgenic and non-transgenic silkworms. (A) At walking distance after 16 hours, there was no
statistically significant difference between transgenic and non-transgenic silkworm larvae (thirty larvae each, 2nd day
of 5th instar). (B) The effect on germination rate was analysed in broccoli seeds sown in soil mixed with larval body or

feces of transgenic and non-transgenic silkworms. Five tests with 30 seeds were conducted and a statistically significant
difference was not observed.

Fig. 3. Experimental rearing of transgenic silkworms which produce green-fluorescent silk for
‘Type 1 Use’ in the isolated zone. Left: Feeding silkworms with mulberry leaves. Right: Rearing
house in the isolated zone.
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Advances in transgenic silkworm screening and gene knock-in

Takuya Tsubota', Keiro Uchino', Takao K. Suzuki', Hiromitsu Tanaka? Takumi Kayukawa’,
Takaaki Daimon®, Tetsuro Shinoda®, Hideki Sezutsu’

'"Transgenic Silkworm Research Unit, *Insect-Microbe Research Unit, °Insect Growth Regulation Research
Unit

We identified a novel strong and ubiquitous promoter in the silkworm. Using this
promoter, screening of the transgenic silkworm in the embryonic stage has become very
efficient. We also developed a novel technique to integrate exogenous gene into the
targeted chromosome via genome editing. Efficient selection of knock-in individuals is now
possible by using these techniques.

Keywords:promoter, genome editing, knock-in, gene functional analysis, useful material production

Background

Silkworm 1is frequently used for the production of useful materials according to its high ability to generate
recombinant proteins. However, the efficiency to produce transgenic silkworm is not high and a novel technique
to select transgenic silkworm easily at an early developmental stage has been required. In addition, the amount of
recombinant protein expressed using transgenic silkworm is not high enough. Gene knock-in is a promising
technique to increase protein expression level but this technique has not been available in the silkworm. Thus, we
attempted to improve the screening technique and develop novel knock-in technology.

Results and Discussion

1. The hsp90 gene was found to be expressed in a strong and ubiquitous pattern in all developmental stages
(embryo, larva, pupa and adult) of silkworm. In addition, the promoter fragment responsible for such an
expression pattern was isolated.

2. Transgenic silkworm expressing the Green Fluorescent Protein (GFP) gene using hsp90 promoter showed
strong and ubiquitous GFP expression in various developmental stages (Fig. 1). In particular, GFP expression
could be detected for at least five days during the embryonic stage suggesting that ~sp90 promoter can be
utilized for the easy screening of transgenic silkworm embryo.

3. Novel knock-in technique was developed using this promoter. Although homologous recombination-mediated
knock-in was very difficult in the silkworm, utilization of programmable nucleases and MMEJ repair
mechanism succeeded in the efficient integration of 2sp90 promoter and GFP into the silkworm urate granule
formation gene (Fig. 2).

4. The exogenous gene was inserted in a very precise manner suggesting that this gene knock-in technique is a
very versatile tool.

Future prospects

1. Screening of the transgenic silkworm has become very easy using the Asp90 promoter. This promoter also
enables the detailed analysis of each gene function to facilitate the study for efficient production of useful
materials or the development of novel insecticides.

2. Integration of exogenous genes into the highly-active endogenous genomic locus will also be possible using
the novel knock-in technique to facilitate the production of large amount of useful materials. In addition, this
technique will also contribute to the development of novel high-performance silk.



Fig. 1. Induction of GFP expression by hsp90 promoter in the embryo, larva, pupa and adult of transgenic silkworm.

The left panel of each figure indicates the bright-field image and the right shows GFP-fluorescence. GFP is expressed
in green-colored region. hsp90 promoter is ubiquitously active in all of the developmental stages. Scale bar is 0.3mm in
the embryo, 1mm in the larva and 3mm in the pupa and adult. Partially modified from G3:Genes, Genomes, Genetics
doi:10.1534/g3.114.011643.
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Fig. 2. Development of a novel knock-in technology. (A) Comparison of the knock-in efficiency between the conventional
and novel method. Around 100 fold increase was achieved using the novel technique. (B) Images of the knock-
in silkworm. The left panel indicates the bright-field image and the right panel shows GFP-fluorescence. The upper
and lower individuals depict the normal and knock-in larva, respectively. In the knock-in larva the oily skin phenotype
can be observed according to the disruption of urate granule formation gene. In addition, the larva shows ubiquitous
green fluorescence due to the insertion of GFP gene. Partially modified from Nature Communications doi:10.1038/
ncomms6560.
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“Tough Silk” produced by transgenic silkworm expressing
spider dragline silk protein
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A transgenic silkworm which produces new silk material combining the tensile strength
and elasticity of spider dragline silk has been successfully generated. This new spider-type
silk, “Tough Silk” is 1.5 times tougher as compared to normal silk. A processing method
similar to normal silk has also been successfully applied in production of textile using “Tough
Silk”.

Keywords:garden spider, transgenic silkworm, dragline, toughness, silk

Background

Developing a transgenic silkworm which expresses the modified spider dragline protein in cocoon silk fibroin
could facilitate in improving the tensile strength and elasticity of silk known for high quality natural fiber. Since
spider dragline has excellent tensile properties, we cloned the cDNA of a dragline protein gene from a garden
spider (Araneus ventricosus). In 2007, we succeeded in generating a transgenic silkworm using an experimental
strain silkworm as host. However, because of the limitations presented by the poor physical properties of the silk
produced, reeling of raw silk from the cocoons and weaving with the silk fibers could not be performed. Therefore
for practical applications of transgenic silk, it is necessary to use a silkworm strain that can produce smooth,
uniform silk such as the C515 in commercial strain and to introduce the dragline cDNA of Araneus ventricosus
into that strain.

Results and Discussion

1. In order to generate transgenic silkworm, it is important to perform micro-injection of DNAs before cell
division of diapause-broken eggs. However, it was quite difficult to break diapause of eggs artificially
for micro-injection. We improved the traditional acid-treatment by adjusting the C515 strain, and finally
succeeded in generating a transgenic silkworm expressing the spider dragline protein (Fig. 1).

2. The cocoons from the transgenic silkworm could be pulled into raw silk and mass production could be
performed as shown in Fig. 2. Using densitometry, we calculated the amount of spider dragline protein against
the total fibroin and that was about 1 % w/w. From the tensile test results, the toughness (breaking energy of a
fiber) improved by 53.2 % as compared with native raw silk (Fig. 3).

3. The transgenic raw silk could be degummed in a usual industrial process. After degumming, the glossy and
elasticity of the transgenic silk were the same as normal silk. A vest woven using the spider-dragline-protein
containing silk demonstrates the utility of transgenic silk (Fig 4). This “Tough Silk” is 1.5 times tougher than
normal silk and could provide a new strong and tough fiber for textile industry.

4. Although there are studies showing that spider dragline protein could be produced using bacteria, development
of a tough fiber for industrial purposes has never been reported so far. Our “Tough Silk” produced by the
transgenic silkworm is the first application of fibers which contains spider dragline proteins.



Fig. 1. Comparison of the dry cocoon shell weight of the
experimental and “Tough Silk” strains.
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Fig. 3. Comparison of toughness with other fiber materials
shows that “Tough Silk” requires 1.5 times more energy
to break than normal silk.
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Decoding the draft genome sequence of desiccation tolerant
African midge

Takahiro Kikawada, Richard Cornette, Rie Hatanaka, Shingo Kikuta, Sachiko Shimura
Insect Mimetics Research Unit

We completed the draft genome sequence of an African midge, Polypedilum vanderplanki,
which has a capability to survive under extreme desiccation tolerance, or the so-called
anhydrobiosis. The draft sequence shows that P. vanderplanki-specific gene clusters and
desiccation-inducible gene expression systems contribute to anhydrobiosis.

Keywords:anhydrobiosis, genome, horizontal gene transfer, adaptive evolution, gene duplications

Background

Our collaborative research with scientists from Japan, Russia and the USA successfully deciphered the draft
genome sequence of an African midge, Polypedilum vanderplanki, possessing the capability to survive extreme
desiccation. The draft sequence reveals that P. vanderplanki-specific gene clusters and desiccation-inducible gene
expression systems contribute to anhydrobiosis. The genes connected with anhydrobiosis will be applied to
develop new technologies such as long-term storage of cells, embryos and blood in a dry state at room
temperature.

Results and Discussion

1. NIAS organized the international collaborative research team comprising of Kazan Federal University
(Russia), Okinawa Institute of Science and Technology Graduate University (Japan), National Institute
for Basic Biology (Japan), Kanazawa University (Japan), Lomonosov Moscow State University (Russia),
Scientific Research Institute of Physico-Chemical Medicine (Russia), Russian Academy of Science and
Vanderbilt University (USA). The team deciphered the draft genome sequence of the anhydrobiotic midge, P.
vanderplanki and identified approximately 17,000 protein-coding loci.

2. Comparative genome analysis of P. vanderplanki and a congeneric desiccation-sensitive midge P. nubifer
(Fig. 1) led to the identification of P. vanderplanki-specific genomic regions where these gene sets are located
as ‘anhydrobiosis-related gene island’ (ARId). Moreover, this analysis provides evidence on the existence of
desiccation-specific gene expression system in P. vanderplanki (Fig. 2).

3. ARIds consist mainly of multicopy genes for protective proteins, such as antioxidants, enzymes for repair of
damaged proteins, and LEA proteins acting as molecular shields.

4. The LEA genes were horizontally acquired from soil bacteria in the habitat of P. vanderplanki.

5. We revealed the evolutionary process that led to the ability to acquire anhydrobiosis in P. vanderplanki
diverged from an ancestral species about 25 million years ago (Fig. 3).

Future prospects

1. The key sets of genes connected with anhydrobiosis will be applied to develop new technologies for long-term
storage of cells, embryos and blood in a dry state at room temperature.

2. Elucidation of the molecular mechanisms underlying dehydration-specific gene expression system will be
useful in designing a methodology for induction of resistance to desiccation in different animal tissues and
cells.
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mutations that have been found only in this particular species. indicate gene clusters associated
with tolerance to extreme conditions known as ARIds.
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