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Accelerator Applications Research Division

lon Beam Breeding Group

1. Abstract

The ion beam breeding group studies the various biological effects of fast heavy ions and develops new techniques for breeding
plants and microbes using heavy-ion irradiations. Heavy ions can produce dense and localized ionizations in matters along their
tracks, in contrast to photons (X-rays and gamma rays), which produce randomly distributed isolated ionizations. These localized
and dense ionizations can cause double-strand breaks of DNA, which are not easily repaired and result in mutation more effectively
than single-strand breaks. Heavy ion beams produced at the RIKEN Ring Cyclotron (RRC) are high energy and can penetrate long
ranges, allowing them to irradiate biological samples in the air. This group utilizes a dedicated beam line (ESB) of the RRC to irradiate
microbes, plants and animal cells with beams ranging from carbon to iron. Its research subjects cover the study of ion-beam radiation
mutagenesis, genome-wide analyses of mutation, and the development of new plants and microbial varieties by heavy-ion irradiation.
Forty-two new varieties have already been brought to the market. The group also provides researchers with the mutagenesis technology
to discover new genes and improve new varieties, contributing to solving societal issues such as food, energy, the environment, and
climate change.

2. Major Research Subjects
(1) Study on the biological effects by heavy-ion irradiation
(2) Research and development of the breeding technology using heavy-ion irradiation
(3) Innovative applications of heavy-ion irradiation

3. Summary of Research Activity

RIKEN Nishina Center promotes research on applications of heavy ions from the RRC using 135 MeV/nucleon C, N, Ne ions,
95 MeV/nucleon Ar ions, 90 MeV/nucleon Fe ions, and from the IRC using 160 MeV/nucleon Ar ions to biology and agriculture. We
also develop breeding technology for microbes and plants. Main subjects are:

(1) Study on the biological effects by heavy-ion irradiation

Linear Energy Transfer (LET) is an important parameter in biological effects. LET is the energy an ionizing particle gives the
target per unit path length along its track. We found the optimal LET for mutation induction, designed as LETmax, was 30 keV/um
in Arabidopsis, 23-39 keV/um in buckwheat, 23-50 keV/um in rice and 50-70 keV/um in wheat. By contrast, irradiation with
290 keV/um has a low mutation rate but high lethality in plants. A whole-genome analysis with high-throughput sequencing is
a powerful tool used to characterize the nature of induced mutations. In addition, we developed a new pipeline, the Automated
Mutation Analysis Pipeline (AMAP), for the rapid detection of whole-genome mutations. Using a whole-genome mutational analysis
in Arabidopsis and rice, we comprehensively characterized the mutation effects of ion beams of C (30 keV/um) and Ar (290 keV/um).
C-ion beams mainly induced single-nucleotide variants (SNVs). Ar-ion beam showed a mutation spectrum different from that at C
ion, SNVs and small deletions decreased, and the proportion of large deletions (>100 bp) and chromosomal rearrangements increased.
We propose and develop tailor-made ion beam breeding techniques based on these results.

(2) Research and development of breeding technology using heavy-ion irradiation

We propose the tailor-made ion beam breeding technique. When a user wishes to obtain mutants at high efficiency, we recommend
choosing LETmax (30-50 keV/um) irradiation. LETmax is effective for breeding because of its very high mutation frequency. The
most common mutations, SNVs and small deletions, are sufficient to disrupt a single gene. Since 2001, using C and nitrogen ion
irradiations, we have produced 32 new varieties that have appeared on the market in Japan, the USA and the European Union. Thus,
irradiation with these ions can efficiently produce knockout mutants of a target gene and can be applied to mutagenomics research,
such as discovering novel genes using mutants. If a user requires mutations with large deletions or chromosomal rearrangements,
Ar-ion irradiation (290 keV/um) is suitable. It is a promising new mutagen suitable for functional analyses of tandem duplicated
genes. We have found that ions with higher LETS, such as Ar and Fe, are effective for the mutation breeding of microbes. Over 14
breweries in Japan use two new yeast strains created by Fe-ion irradiation to produce high-quality sake. We built a new beamline,
“Wide AppliCable to Mutagenesis Experiment (WACAME),” to increase available nuclides with higher LETs and longer ranges. The
ion beams are accelerated by three cyclotrons, AVF, RRC and IRC, to 160 MeV/nucleon and sent to the ESB beam line. The new Ar
ion (184 keV/um) showed a higher mutation rate than the 290 keV/um Ar ion. In the future, we plan to develop a unique technology
for breeding using these heavier ion beams.

(3) Innovative application of heavy-ion irradiation

In 1998, we formed a consortium for ion-beam breeding consisting of 24 groups. In 2023, the consortium grew to 188 groups
from Japan and 23 from overseas. Previously, the ion-beam breeding procedures were carried out using mainly flowers and ornamental
plants. We have recently put new varieties on crops. Due to climate change, the harvest time of the Satsuma mandarin has trends to
be earlier; it is desirable to breed new varieties suitable for long-term storage. A new variety called “Harushizuka” is harvested one
month later due to the later coloring of the fruit. It is suitable for long-term storage because it has less rind puffing and is resistant to
rotting, and it can be shipped from March to April when the product is in short supply. Shizuoka Prefecture has sold 1,900 seedlings,
aiming to start selling the fruit in 2027. We plan to use whole genome mutation analysis data to create a DNA marker for variety
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identification. Demand for small chrysanthemums increases during the Bon Festival. Using the same cultivation method, the farmer
hopes to have three colors of chrysanthemums: red-purple, white, and yellow. The red-purple cultivar, which has a wide range of
flower color mutations, was selected as the original species, and the white and yellow flower color mutants were selected. In addition,
since C-ion irradiation did not produce a monochromatic yellow mutant this time, a yellow mutant was obtained from a population
re-irradiated with Ar ions (283 keV/um) using the red mutant as an intermediate mother plant. The three-color small chrysanthemum
has almost the same morphology and cultivation characteristics as the original species with only the flower color mutation, and it
blooms during the Bon Festival so that it can be shipped during this season. In addition, the users have succeeded in breeding new
colors of hibiscus, cherry blossoms flowering without long periods of low temperatures, and a dwarf with early maturing durum wheat.
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We established the “Asagao (morning glory) club” to deepen the understanding of our technology of mutation breeding. The club
distributes the morning glory seeds irradiated with C-ion on request, and collects and compiles the observation reports of their growth.
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