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Abstract

Following the construction of the Gamma Field at the Institute of Radiation Breeding (IRB)
in 1960, mutation breeding was accelerated in Japan. The facility is used to artificially induce
mutations with a higher radiation dose (up to 2 Gy/day, that is ca. 300,000 times that of natural
background) at a higher frequency than occurs in nature. Since the unit became operational,
the number of mutant cultivars generated in Japan increased until 2000-2010 and has since
decreased. There have been 295 direct-use mutant cultivars representing 70 species generated
through irradiation utilizing gamma-rays, X-rays, ion beams and chemical mutagenesis and in
vitro culture. Each cultivar has been registered and released in Japan, with approximately 79%
of these induced by radiation. There have been 335 indirect-use mutant cultivars, including 298
rice, of which 150 cultivars (50.3%) were derived from the semi-dwarf mutant cv. “Reimei”
or its offspring. The economic impact of these mutant cultivars, primarily of rice and soybean,
is very large. Some useful mutations are discussed for rice, such as low digestible-protein
content, low amylose content, giant embryo and non-shattering. Useful mutations in soybean
such as radio-sensitivity, fatty acid composition, lipoxygenase lacking, glycinin rich and super-
nodulation have been identified. A similar series of advantageous mutations have been found
in Japanese pear and other crops through various screening methods. The achievements of
biological researches such as characterization and determination of deletion size generated by
gamma-rays, the effect of deletion size and the location are identified. Similarly, genetic studies
generated through the use of gamma-ray induced mutations, such as phytochrome research,
aluminum tolerance and epicuticular wax have also been conducted in Japan. A unique mutation
induction technique for outcrossing Italian ryegrass is also explained. Mutation breeding is a
very interesting and useful technology for isolating genes and for elucidating gene functions
and metabolic pathways in various crops. Records show that mutation induction is a very
useful conventional breeding tool for developing superior cultivars. The IRB is well equipped
with appropriate facilities and equipment that will contribute to future mutation breeding
developments and it will be a contributor in solving various genomic, proteomic and metabolic

problems.
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I Introduction

After the construction of the Gamma Field, considered the world’s largest radiation field (100 m radius with

an 88.8 TBq “’Co source at the center; Fig. 1), at the Institute of Radiation Breeding (IRB) in Ohmiya-machi

(now Hitachi-Ohmiya), Ibaraki, Japan in 1960, mutation breeding was accelerated through cooperative research

with national and prefectural breeding laboratories, private companies and universities in Japan (Yamaguchi

2001).
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Fig. 1. Gamma Field of IRB

In the New York Times (Broad 2007), Dr. P. J. L. Lagoda of the Joint FAO/IAEA was quoted to say,
“Spontaneous mutations are the motor of evolution. We are mimicking nature in this. We’re concentrating time
and space for the breeder so he can do the job in his lifetime. We concentrate how often mutants appear — going
through 10,000 to one million — to select just the right one”.

The concept and objectives of the IRB’s Gamma Field has the same goals for the plant breeder. The facility
has an irradiation tower installed with an 88.8 TBq “’Co at the center of a circular field with a radius of 100 m
(Nakagawa 2010), and used to artificially induce mutations at a higher frequency than that occurs in nature.
The radiation dose at the nearest point of the field (10 m from the center: ca. 2 Gy/day) is estimated to be about
300,000 times that of normal and natural background radiation when it is operated for 8 hours per day (Fig. 2).
At the farthest point (100 m from the center: ca. 0.01 Gy/day), the radiation dosage is about 2,000 times the
normal background radiation. This means that plants growing at the nearest point to the gamma-ray source
are being treated to a 1,000 years of accumulated normal background rates of radiation per day. Although we
do not know all the genes or mechanisms of mutations, radiation breeding has produced many useful mutant
cultivars and contributed greatly to the farmers and industries of Japan and all over the world. In 1991, the
Ministry of Agriculture, Forestry and Fisheries (MAFF) of Japan launched the Rice Genome Research Program,
with the aim of fully decoding the rice genome in three phases over a 21-year period. With the cooperation of
10 participating countries (Sasaki and Burr 1998), the genome sequencing of the 12 rice chromosomes was
completed in 2005 (International Rice Genome Sequence Project 2005). Following this achievement, molecular
genetic studies based on the results of the genome sequencing project became the most powerful tool for
selecting mutants of certain characteristics in rice. This is anticipated to revolutionize mutation breeding success
in rice, and be applicable to a number of other important crop species.

In this report, the mutant cultivars developed mainly by gamma-ray irradiation in Japan are discussed. In

addition, their economic impacts in Japan, as well as molecular studies performed to contribute to food security
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and elucidate the mutation at the DNA level, are described.

Part of this report was presented in the 53" Gamma Field Symposium held in Mito, Ibaraki, Japan in 2014.

100 m: 2 thousand
times to nature

Irradiation field

10'm: 300 thousand times to
nature

Dosage of 1 day = ca. 2 Gy/day
(1,000 years in nature)

Fig. 2. Irradiation tower located in the center of the Gamma Field and its irradiation field.

I  Achievements from biological research on mutations induced
by gamma-ray irradiation

1) Deletion size generated by gamma-ray irradiation

Naito et al. (2005) studied the deletion sizes of transmissible and non-transmissible mutations induced with
gamma-ray and carbon ion beam irradiation by utilizing sophisticated pollen-irradiation methods in Arabidopsis.
Many mutants induced with these ionizing irradiations possess extremely large deletions (more than 6 Mbp) and
many also have small deletions (1 or 4 bp), which are normally transmissible. The larger 6-Mbp deletions were
found to not be transmissible to the next generation.

In rice, the same trends were observed (Table 1). Morita et al. (2009) researched the frequency of
transmission of different mutations possessing different deletion sizes obtained with gamma-ray irradiation.
Among 24 gamma-ray induced mutants, three exhibited 1-bp substitution, 15 exhibited a small deletion,
four exhibited large deletions and two exhibited inversions. Among 15 mutants with small deletions, six
mutations including cao (chlorophyllide-a oxygenase), cps (entcopalyl diphosphate synthase), ga30s (GA3-
beta-hydroxylase), gid (GA-insensitive dwarf), gludl (glutelin AI) and gluA2 (glutelin A2) exhibited 1-bp
deletion; and nine mutations including cao-g2 and ga3ox-g2, kao-gl, kao-g2, plal-gl and -g2 (Plastochronl),
and wx-gl, -g2, and -g3 exhibited deletion of 2-16 bp. In contrast, four mutations had large deletions including
one gid2-gl, one gluB4/5 (glul : Glutelin B4/5), one glbl (a-globulin) and one wx-g4 mutant with 42.2, 129.7,
62.8 and 9.4 kb, respectively. As a result, gamma-ray induced mutations transmittable to the next generation are

primarily classified into four groups: (1) those with a base substitution; (2) those with small deletions (1-16 bp);
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Table 1. I Gamma ray irradiation-induced deletions, base substitutions, and inversions and
the size of mutation (Morita et al. 2009).

Mutation Type Gene Size (bp)
Small Deletion CAO (cao-gl) 1
CAO (cao-g2) 3
CPS (cps-gl) 1
GA3ox (ga3ox-gl) 1
GA3ox (ga3ox-g2) 3
GIDI (gidl-gl) 1
Gludl (gluAl-gl) 1
GluAd2 (gluA2-gl) 1
KAO (kao-gI) 4
KAO (kao-g2) 16
PLAI (plal-gl) 5
PLA2 (pla2-gl) 5
Wx (wx-gl) 2
Wx (wx-g2) 5
Wx (wx-g3) 6
Large Deletion GID2 (gid2-gl) 42, 200
GIb (glbl) 62, 800
GluB4/B5 (glul) 129, 700
Wx (wx-g4) 9, 400
Base Substitution GluAd2 (glud2-g2) 1
PLAI (plal-g2) 1
Wx (wx-gb) 1
Inversion Wx 1, 284, 800
PLAZ 3, 208, 500

CAO: chlorophyll b deficiency; CPS, KAO and GA3ox: gibberellin deficiency; GID: gibberellin
insensitivity; Glud and GluB: glutelin deficiency; GIb: alpha-globulin deficiency; PLA: shortened
plastochron; Wx: glutinous endosperm

(3) those with extremely large deletions; and (4) those with a large inversion of over 1 Mbp with small deletions.
The mechanisms of generating extremely large deletions and inversions may be similar—the former mutation
areas were missing and the latter mutation areas were reversely placed again. It is not known how difficult it may
be to generate mutants with medium-sized deletions (1.0-5.0 kb) through gamma-ray irradiation, although some
reports mentioned that neutrons with high linear energy transfer (LET) can induce deletions ranging between
300 bp—12 kb (Sun et al. 1992; Li et al. 2001; Nagano et al. 2008). However, it is interesting that inversions are
not considered rare events following gamma-ray irradiation, as is the case for sorghum (Mizuno et al. 2013)—this

is explained in the following section.

2) Different size and location of deletion generates different kinds of phenotypes

In the course of plant evolution, genes are often duplicated in tandem, resulting in functional redundancy.
The analysis of function of these genes by developing double mutants may be difficult because they are located
near each other and are tightly linked. Glutelin is a major digestible seed storage protein encoded by a multigene
family. Mutants of tandem-duplicated glutelin genes were investigated for their genotypes and phenotypes.
They represent a reversely repeated two-loci event (Fig. 3), with both regions coding for mRNA of glutelin
production. Various mutants with low glutelin contents have been isolated using SDS-PAGE (polyacrylamide
gel electrophoresis) (Iida et al. 1993, 1997). The mechanisms of low glutelin content in the mutants that have

been studied suggest that the size and position of deletions generate different characteristics of mutations (Fig.
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4). Some act as dominant or recessive genes, and these relationships between genotypes and phenotypes are
provided as examples below.

Low glutelin content] (Lgc-1) is a dominant mutation that reduces glutelin content in rice grain. Kusaba
et al. (2003) reported that in Lgc-1 homozygotes contain a 3.5-kb deletion between two highly similar glutelin
genes that forms a tail-to-tail inverted repeat, that could produce a double-stranded RNA molecule, a possible
potent inducer of RNA silencing (Fig. 3). As a result of this inverted repeat, glutelin synthesis is suppressed
and the glutelin content is lowered. This was the first report that showed the mechanism of a mutation was RNA
interference (RNAi) in plants. The Lgc-1 provides an interesting example of RNA silencing among genes that
exhibit various levels of similarity to a gene-induced RNA silencing.

The “glul” is a gamma-ray-induced rice mutant, which lacks an acidic subunit of glutelin. Morita et al.
(2007) elucidated that the g/ul gene of the “glul” mutant harbors a 129.7-kb deletion involving two highly
similar, tandem-repeated glutelin genes, GluB5 and G/uB4. The deletion eliminates the entire GluB5 and GluB4
genes except for half of the first exon of G/uB5. As a result, the phenotype of the g/ul gene completely lacks the

acidic subunit of glutelin and acts as a recessive gene for low glutelin content in rice grains (Fig. 4).

Transcription termination signal

GluB4 GluB5
Lgct —

1

GluB5

dsRNA
GluB4

Fig. 3. Mechanism of low glutelin in LGC-1. A deletion containing the transcription termination signal between GluB4
and GluB5 causes generation of hairpin RNA with dsDNA region, which induces GluB mRNA degradation via
RNA interference (based on Kusaba et al. 2003). (Courtesy of Prof. M. Kusaba, Hiroshima University)

Lgc1

glu 1|

Larger deletion (129.7 kb) | | Smaller deletion (3.5 kb) |
GluB 2 GluB GluB GluB

—eR R

Phenotype Dominant or Recessive Mechanism
1 . - . .
glu1 Deletion of 1 acidic subunit Recessive Knock-out of 2 genes
of glutelin
2 ] Suppresses glutelin
Lgc1 Total glutelin contents lower Dominant

genes via RNAI

Fig. 4. Comparison of phenotype, mode of inheritance and mechanism of mutation character between glu/
and LGC! mutation with different sizes and place of deletion in the same region of two loci, G/uB4 and
GluB5; glul": Morita et al. (2007); Lgel”: Kusaba et al. (2003). (Courtesy of Dr. R. Morita, RIKEN)
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The above examples illustrate that the position and size of deletions at the same locus can dramatically alter
the phenotype of mutant gene expression through the process of transcription and translation. The glul, which
has a large 129.7-kb deletion, acts as a recessive gene, while the LGCI, which has 3.5-kb deletion that probably
includes a terminal signal of the transcript region, acts as a dominant gene.

Furthermore, the G/uB5 and the G/uB4 have the same amino acid sequence in their acidic subunit,
suggesting that only the mutation involving both GluB5 and GluB4 generates the resultant phenotype. This is the
reason for the lack of the glutelin acidic subunit deleted in the “glul” mutant.

Sequenced plant genomes exhibit that more than 14% of their genes are highly similar, tandem-repeated
genes (Arabidopsis Genome Initiative 2000; International Rice Genome Sequence Project 2005). This finding
suggests that gamma-rays can be an effective mutagen to generate knockout mutants of both loci and to use for

analysis of tandem repeat and functionally redundant genes.

Il Useful mutations from various screening methods

1) Low digestible-protein content

Although rice is not a high-protein grain crop, the protein content is ca. 7% when white rice is cooked.
A mutant line with a low glutelin content was obtained from the ethyleneimine (EI) treatment of cv. “Nihon-
masari”. The cv. “LGC-1” was developed from backcrossing this mutant with the original cv. “Nihon-masari”
to eliminate undesirable characteristics, such as semi-sterility and semi-dwarfing (Iida et al. 1993). The seed
protein of cv. “LGC-1” is mainly composed of a decreased amount of digestible glutelin induced by a dominant
mutation that also increases the amount of indigestible prolamine. The characterization of this mutation and the
mechanism were mentioned in the previous section. This construction of protein is disadvantageous for human
digestion of rice grains, although the total amount of protein is similar to the original cultivar. As a result, cv.

“LGC-1" is useful as a low-protein rice, and some clinical trials indicate that the cooked rice of this variety is a

glutelin (acidic subunits)

a-globulin

glutelin (basic subunits) [

13kDa 16kDa prolamine

difficult-to-digest
proteins

Fig. 5. Development of new cultivars, cv. “LGC-Jun” and cv. “LGC-Katsu” with lower easy-to-digest protein
content by the hybridization of a low-glutelin mutant cv. “LGC1” and an a-globulin deficient mutant
(named “89WPKG30-433") of cv. “Koshihikari” (SDS-PAGE data) (based on Nishimura et al. 2005).
(Courtesy of Prof. M. Nishimura, Niigata University)
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useful and effective daily food for patients with kidney disease (Mochizuki and Hara 2000). The defect of cv.
“LGC-17 is its eating quality and the presence of other loci that control the biosynthesis of digestible protein,
such as globulin. Therefore, Nishimura et al. (2005) induced a mutant line “89WPKG30-433” that exhibited
a deficiency in globulin through gamma-ray irradiation from the leading Japanese cv. “Koshihikari”, which is
famous for a good eating quality. The “8§9WPKG30-433” was hybridized with cv. “LGC-1” and cvs. “LGC-Katsu”
and “LGC-Jun” were selected from the hybrids (Fig. 5). The glutelin content of these two cultivars is as low
as for cv. “LGC-1” and the globulin content is zero. The total digestible-protein content tested is about 30% of
ordinary rice. As the eating quality is highly improved and digestible-protein content is lower than for cv. “LGC-

17, these two cultivars will greatly help in the dietary management of proteins in cases of chronic renal failure.

2) Glutinous rice (low amylose content)

Stickiness of cooked rice is one of the most important characteristics of rice cultivars, which are diverse
and unique among peoples of the world. In general, people in Japan as well as Korea, northern Thailand,
Myanmar and southern China prefer sticky rice. Amylose contents are closely related to this character and
range from 0 (waxy: glutinous) to higher than 20, especially in indica-type rice. In Japan, glutinous rice has a
special utilization for “okowa” and “mochi” production for festivals and celebrations, as well as non-glutinous
popular cultivars used for daily cooking, which exhibit ca. 17% amylose content. This waxy locus (Wx) was
mapped on chromosome 6 of rice (Iwata and Omura 1971) and knockout of Wx makes non-glutinous ordinary
rice completely glutinous (wx). The waxy genes were identified to encode granule-bound starch synthesis,
which is performed by a key enzyme in amylose synthesis of plants (Nelson and Pan 1995). In Japan, glutinous
cv. “Miyuki-mochi” (Toda 1982) was induced from non-glutinous cv. “Toyonishiki”, glutinous cv. “Fujimi-
mochi” from non-glutinous cv. “Aki-chikara”, and gulutinous cv. “Odoroki-mochi” (Imbe ef al. 2004) from non-
glutinous cv. “Takanari” through gamma-ray irradiation in the IRB Gamma Field.

There is another type of endosperm starch mutation termed “dull”, whose amylose content is not zero as
found with the waxy (wx) mutation in rice. The dull mutation has ca. 10% amylose content, which is lower
than the ca. 20% of non-waxy (Wx) rice, and exhibits partial stickiness when cooked. Genetic analysis of dull
mutants induced by *P (beta-ray radiation) showed that the mutations were controlled by a single recessive
gene which is non-allelic to the wx alleles (Okuno ef al. 1983). One of the most popular dull cultivars is cv.
“Milky Queen” induced by chemical mutagen (MNU: N-methyl-N-nitrosourea) treatment of the most popular
cv. “Koshihikari” with amylose content of 9-12% (Ise et al. 2001). This dull phenotype is caused by wx locus
mutation (Wx-mgq) (Sato et al. 2002).

3) Giant embryo

The rice embryo contains a high level of proteins, fats, vitamins and some compounds good for human
health. As the embryo grows, gamma-aminobutyric acid (GABA) accumulates following transformation from
glutamic acid caused by soaking rice in water (Saikusa et al. 1994a, 1994b). Defatted rice embryos enriched
with GABA are useful as a functional food for controlling blood pressure and sedative qualities related to
sleeplessness and autonomic disorder (Okada et al. 2000). The GABA-accumulated brown rice is already on
the market as a health food based on an ordinary rice variety. The giant embryo lines “EM40” and “GM15-34",
each possessing giant embryo by treating cv. “Kinmaze” with MNU (Satoh 1981), useful for this purpose are
anticipated. The embryo volume of these lines is 3—4 times that of ordinary rice cultivars. The giant embryo trait

of the “EM40” is known to be controlled by one recessive gene (ge) located on chromosome 7 (Satoh and Iwata
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1990).

The utilization of the giant embryo mutants was previously limited to the development of rice bran oil.
However, the nutritional value of cooked brown rice is beginning to attract the attention of consumers interested
in healthy food. The first giant embryo mutant cv. “Haiminori” was developed by the hybridization between the
“EM40” and cv. “Akenohoshi”, and selection from the hybrid population in 1990 (Nemoto et al. 2001). The
embryo volume of cv. “Haiminori” is 3—4 times that of ordinary rice. After soaking in water for four hours, the
amount of accumulated GABA in cv. “Haiminori” is about four times that of the traditional cv. “Nipponbare”.
The cv. “Haiminori” is utilized in the commercial production of rice cakes. Common defects of giant embryo
cultivars are lower germination and seedling establishment rates, sometimes only 40—50 % of that of cv.
“Nipponbare”.

The GIANT EMBRYO (GE) gene has been identified as essential for controlling the size balance in rice, and
the function of GE, which encodes CYP78A13, is predominantly expressed in the interfacing tissues of the both
embryo and endosperm and controlling cell size in the embryo and cell death in the endosperm (Nagasawa et al.
2013). Development of giant embryo lines with good seedling establishment will be a continuing objective of the

breeding.

4) Non-shattering

Much attention has been paid recently to indica-type high-yielding genetic resources for improving biomass
productivity as forage rice. Seed shattering is one of the most important characteristics of indica-type rice that
requires improvement. Mutation in the dominant gSHI gene in domesticated rice eliminates the abscission layer
and results in non-shattering seeds (Konishi et al. 2006). Thus, knockout of this dominant gene generates a
non-shattering rice. Kato et al. (2006) attempted to induce a mutation at this locus in cv. “Mohretsu”. The cv.
“Mohretsu” is a mutant forage rice cultivar induced through NMU treatment and through gamma-ray irradiation
of seeds in IRB, National Institute of Agrobiological Sciences (NIAS), which was eventually developed as
the direct-use, non-shattering mutant cv. “Minami-yutaka” for use as rice silage. Sakai et al. (2013) attempted
to induce mutation at the same locus in the high-yielding traditional cv. “Taporuri” introduced from Taiwan
through gamma-ray irradiation of seeds in IRB, and successfully released the direct-use non-shattering mutant
cv. “Ruri-aoba” as a rice silage crop. The loci or genes controlling non-shattering in these newly induced mutant
cultivars have not been identified. However, through genetic analyses of rice cultivars and wild relatives, as
well as chromosomal segment substitution lines and an induced shattering mutant line derived from gamma-ray
irradiation (Zhou et al. 2012), several quantitative trait loci associated with seed shattering have been identified.
These includes SH4 which promotes hydrolyzing of an abscission zone cells during the abscission process (Li
et al. 2006), OsCPLI (Oryza sativa CTD phosphatase-like 1)that enhances the development of the abscission
layer during panicle development (Ji et al. 2010) and SHATI (Shattering Abortionl), the AP2 domain-

containing transcription factor gene responsible for abscission zone development (Zhou et al. 2012).

5) Radio-sensitivity

Takagi (1969) identified two major genes that control radio-sensitivity in some soybean cultivars. When the
50% reduction rate (RDs,) of root length was associated with exposure to acute irradiation of seeds or chronic
irradiation of plants for the entire growth period, radio-sensitivity of soybean was identified. The cv. “Shinmejiro”
is more than twice as high for radio-sensitivity as the resistant cv. “Tachisuzunari”. The differences in radio-

sensitivity between the cultivars to chronic irradiation in the Gamma Field are controlled by a single recessive
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rsl gene. A second recessive gene, rsZ, was discovered in cv. “Goishi-shirobana”, whose activity is only

expressed following acute seed radiation.

6) Fatty acid composition

Soybean is the most widely used source of edible oil for human consumption. Every oil crop produces
unique oil with a specific fatty acid composition. For example, linolenic acid content is high and generally
8.0% in soybean, and is not found in oils from maize, traditional sunflower and traditional saffiower. There is
an extremely high diversity of fatty acid compositions across the oil crops. The biosynthesis of fatty acids in oil
crops is summarized in Fig. 6. The biosynthesis for fatty acid composition, common to all plant species, involves
a carbon elongation process (palmitic acid (16:0) — stearic acid (18:0) ) and unsaturated reaction process
(stearic acid (18:0) — oleic acid (18:1) — linoleic acid (18:2) — linolenic acid (18:3) ). Another biosynthesis is a
carbon elongation reaction unique to traditional rapeseed of oleic acid (18:1) — eicosenoic acid (20:1) — erucic
acid (22:1). The particular fatty acid contents of these cultivars or species result from differences in activity or
reactivity of their enzymes and the number of genes encoding each enzyme involved in the various steps related
to carbon elongation and unsaturated reaction of their fatty acids.

The incorporation of target genes, known to modify the fatty acid components of oil crops were initially
identified in natural populations of specific species, and then incorporated by various breeding techniques. White
et al. (1961) previously identified inter-varietal variation of fatty acid composition in 251 soybean cultivars and
reported that contents of linoleic and linolenic acids were controlled by polygenes and exhibited heritability
typically associated with quantitative traits because the investigated hybrid population exhibited continuous
variation across their fatty acid compositions. However, Takagi e al. (1986) reported that the expression and
levels of oleic and linolenic acids were controlled by two and one gene, respectively. Recent research suggests

that the effects of each gene on fatty acid content are small and indicates quantitative trait expression and larger

Palmitic acid

(C16:0) B -ketoacyl-ACP synthase II Sopl, Fapl
¢ <« (KAS I) Fap2, Fapx
Stearic acid Oleic acid Linoleic acid Linolenic acid
C18:1) ’ C18:2 — C18:3
(C18:0) 4 (C18: A (C18:2) N (C18:3)

w-3 desaturase
(GmFAD 3)

-6 desaturase
(GmFAD 2)

Stearoyl-ACP synthase
( GmSte )

Eicosenoic acid
(C20:1)

v

Erucic acid

(C22:1)

Sf}, sz

0l Fan, Fanx

Fig. 6. Genes responsible for different fatty acid biosynthesis (based on Takagi and Anai 2006; Nakagawa et al., 2011).
(Courtesy of Prof. Y. Takagi, Saga University).
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environmental effects.

Takagi and his colleagues identified 46 mutant lines from a 12,266 M, population generated by X-ray
application to cv. “Bay”. Fatty acid compositional changes of the mutant lines are listed in Table 2. The mutant
lines include “J3” with low palmitic acid content (6.1%) (Takagi et al. 1995), “J10” with high palmitic acid
content (17.2%) (Takagi et al. 1995), “M25” with high stearic acid content (21.2%) (Rahman et al. 1995),
“M23” with high oleic acid content (48.6%) (Rahman et al. 1994), “M5” with low linolenic-acid content (4.9%)
(Takagi et al. 1990) and “B739” with high linolenic acid content (18.4%) (Takagi et al. 1989). In addition, lines
with wider fatty acid composition variability were obtained from the hybridization between these mutants.

The 46 individual mutant populations generated from cv. “Bay” exhibit a wider range of fatty acid
composition than the 99 landraces developed from naturally occurring variation (Table 3) (Takagi and Rahman
1995). This induction of fatty acid variability confirms that artificial mutation is useful for enhancing fatty acid

diversity of soybean.

Table 2. Fatty acid composition (% of total oil) of different soybean mutants and their genotypes
(Nakagawa et al. 2011).

Mutant Line Fatty Acid Composition (%) Genotype
Palmitic Stearic Oleic Linoleic Linolenic

Acid Acid Acid Acid Acid

(16:0) (18:0) (18:1) (18:2) (18:3)
J3 6.1 3.4 26.5 55.4 8.6 sopl
C1726 8.5 3.9 22.1 56.0 9.6 fapl
LPKKC-3 4.4 3.2 27.1 55.5 9.8 sopl, fapl
KK7 14.2 5.0 23.3 49.5 7.9 fapx
J10 17.2 5.0 19.7 48.4 9.7 fap2
HPKKJ10 21.6 5.7 18.0 45.6 9.0 fapx, fap?
KK-2 10.3 7.2 23.1 51.6 7.9 st
M25 9.5 21.2 15.6 44.0 9.8 st,
M25KK2 9.4 31.4 12.4 38.4 8.4 st;, st,
Ml1 10.3 4.3 35.8 41.4 8.2 ol
M23 8.9 4.4 48.6 29.5 8.5 ol
M24 10.0 5.3 27.3 51.5 5.9 Sfanx*
M5 9.8 4.9 25.5 55.3 49 fan
LOLL 10.3 4.5 27.7 54.7 2.9 fan, fanx*
B739 7.9 4.3 14.3 55.1 18.4 lin"
cv. Bay 10.6 4.2 25.2 51.7 8.3

Table 3. Mean and range of fatty acid composition (% of total oil) in 46 different soybean mutants and 99
cultivars developed by using natural resources (Takagi and Rahman 1995).

Fatty Acid Composition (%)

Palmitic Stearic Oleic Linoleic Linolenic
Acid Acid Acid Acid Acid
(16:0) (18:0) (18:1) (18:2) (18:3)
Mutants
Mean 10.6 5.2 26.5 49.8 7.9
Range 6.3-16.7 2.9-16.1 17.5-48.2 32.2-60.5 4.6-12.6
Cultivars
Mean 12.1 2.9 25.1 51.9 8.0

Range 10.0-15.5 1.6-4.1 14.2-44.3 36.6-61.1 5.2-12.6
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As mentioned above, Takagi and his colleagues isolated a significant number of mutant lines exhibiting
varying fatty acid composition through use of X-rays. Hybridization of these mutant lines, selection,
characterization and experimentation can attain the pyramiding of mutant genes exhibiting complementary gene
action in order to modify expression of various fatty acids. Following the hybridization and examination of the
subsequent generations, the inheritance of genes conditioning low and high palmitic, high stearic, high oleic, and
low and high linolenic acids were elucidated.

Figure 6 illustrates the fatty acid biosynthesis pathway of soybean seed oil. Palmitoyl-ACP (16:10)is
synthesized from malonyl-ACP (4:0) through the condensation (fatty acid elongation) cycle. Three types of
B-ketoacyl-synthases (BKASs) are involved in this condensation cycle. Palmitoyl-ACP is synthesized by BKASI
and BKASIII, and then stearoyl-ACP (18:0)is synthesized by BKASII. Following this process, stearoyl-ACP is
converted into oleoyl-ACP by stearoyl-ACP desaturase. Acyl-ACP thioesterase catalyzes the acyl-ACPs, and
palmitic, stearic and oleic acids are produced with these reactions. Then oleic acid is converted to linolenic acid
through linoleic acid by two distinct microsomal fatty acid desaturases, omega-6 and omega-3. These fatty acid
biosynthesis enzymes are encoded by GmpKASII, GmSte, GmFADZ and the GmFADS3 gene family, respectively.
As discussed above, genetic analysis of fatty acid content in soybean mutants suggests that several genes are
involved in each step of fatty acid synthesis pathway.

Byrum et al. (1997) reported that one of the low linolenic-acid mutants, “A5”, carries a deletion in gene
GmFADS3. Takagi’s group also identified a large deletion in gene GmFADS3 of “J18” (Yamashita e al. 1998),
GmFAD?2 of “M23” (Kinoshita et al. 1998) and GmSte of “KK2” (Rahman et al. 1998) with Southern-blot
analysis and also confirmed that these deletions co-segregated with their fatty acid content phenotypes. However,
the vast majority of fatty acid mutants of soybean have not been characterized in detail. A superior understanding
of the relationships between the corresponding gene and the phenotype of individual mutants will be valuable for
soybean oil breeding programs.

Takagi’s group determined the corresponding genes of three low linolenic-acid mutants (“M24”, “M5” and
“J18”) and divided them into two groups: “M24” had a mutation on gene GmFAD3-1a, and “M24” and “J18”
had a respective mutation on GmFADS3-1b (Anai et al. 2005). The molecular status of these mutated genes were
as follows: a 1-bp deletion in the open reading frame (ORF) of gene GmFAD3-1a, a 19-bp deletion in the ORF
of GmFADS3-1b and a large deletion in the region containing GmFADS3-1b, respectively. The mutant of GmFADS3-
Za has not yet been obtained from Takagi’s mutant collection, but this mutant represents an important target for
decreasing linolenic acid content in soybean. Because gene GmFAD3-Za is expressed in developing seeds and its
product exhibits the correct enzymatic activity in yeast cells (Anai ef al. 2005), it is anticipated that further study
of the GmFADS3-2a mutant line may result in development of a near-zero linolenic acid soybean cultivar.

Allele-specific genotypic selection, through use of molecular markers related to these gene families, will be
superior to phenotypic selection using gas-liquid chromatography. Multiple sources of alleles for each candidate
gene isoform can provide further benefits in the breeding of germplasm with superior fatty acid composition and
minimize fixation of alleles linked to target genes (Takagi ef al. 1998; Anai et al. 2005; Takagi and Anai 2006;
Nakagawa et al. 2011a).

7) Lipoxygenase-lacking soybean
Lipoxygenase is an enzyme that generates a beany-flavor within soybean and its processed products.
When soybean meal is mixed with water, lipoxygenases oxidize the abundant unsaturated fatty acids in the

soybean seed and produce aldehydes such as n-hexanal (Fig. 7). Heat treatment is generally used to reduce this
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Fig. 7. The reaction pathway of the seed lipoxygenases (based on Arai et al. 1970). (Courtesy of Dr. M. Hajika, NARO)

flavor in soybean products; however, once produced, heat treatment will not completely eliminate this flavor
and this results in soybean products with poor taste quality. Trials have been performed to determine a better
method to remove these undesirable flavors from soybean products in the food processing industry.

Soybean seed has three lipoxygenases: L-1, L-2 and L-3 (Arai et al. 1970). In the 1980s, mutant cultivars
lacking lipoxygenase were isolated from germplasm (Hildebrand and Hymowits 1981; Kitamura et al. 1983,
1985) and both L-1 and L-3 lacking and L-2 and L-3 lacking lines were bred by hybridizations between the two
types. However, neither L-1 and L-3 lacking plants nor plants lacking L-1, L-2 and L-3 were obtained through
breeding and hybridization. Therefore, mutation breeding was conducted to induce soybean mutants lacking
L-1, L-2 and L-3 (Kitamura et al. 1985). Expecting not only the mutations but also chromosome crossing-over,
100—150 g of F, seeds derived from the cross between cv. “Kankei 2” (later named cv. “Kanto No. 102”, which
lacks L-1 and L-3), and cv. “Kankei 1~ (later registered as cv. “Yume-yutaka”, which lacks L-2 and L-3) were
irradiated at the IRB in 1989.

The irradiated F, seeds (M,) were planted to establish the M, population and obtain M, seeds. Harvested
M, seeds were analyzed for protein composition using SDS-PAGE. The F, seeds derived from a cross between
a line without L-/ and L-3 and a line without L-2 and L-3 were irradiated with gamma-rays. After surveying
1,813 M, seeds using SDS/PAGE, one mutant seed lacking L-1, L-2, and L-3 was selected (Hajika e al. 1991;
Nakagawa et al. 2011a). This lipoxygenase-lacking line was accelerated to obtain the M, generation in a field in
summer and a greenhouse in winter. From the M; generation, field tests were conducted to evaluate yield and
agronomic characteristics. In 1995, one selected line was released as cv. “Ichi-hime” (Hajika et al. 2002), and
exhibits similar agronomic characteristics to cv. “Suzu-yutaka”, the recurrent parent of “Kankei 1 and “Kankei
2”. Several all-lipoxygenase-lacking soybean cultivars were developed by crossing between normal soybean
cultivars and the all-lipoxygenase-lacking mutant lines. Several of these lines were sent to other countries and

many all-lipoxygenases-lacking cultivars have since been developed.

8) Glycinin-rich soybean

The major components of soybean seed storage proteins are glycinin (11S globulin) and B-conglycinin
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(7S globulin), which account for about 70% of all seed proteins. The amount of sulfur-containing amino acids
(methionine and cysteine) in glycinin is 3—4 times that of B-conglycinin. Compared with B-conglycinin, glycinin
exhibits better processing properties in texturized and filmed soy foods as well as in tofu gels. The B-conglycinin
is composed of a-, a’- and B-subunits. The cv. “Keburi” characterized by the absence of the o’-subunit, and cv.
“Mo-shi-dou Gong 503” with low levels of a- and B-subunits, were identified in Japanese soybean germplasm
collections (Kitamura and Kaizuma 1981). Ogawa ef al. (1989) developed some lines from these spontaneous
soybean mutants and showed that it was possible to increase the amount of glycinin by decreasing the amount of
B-conglycinin. The cv. “Kari-kei 434” was developed as one line characterized by the lack of the o’-subunit and
a marked decrease of the level of a- and B-subunits of B-conglycinin. However, neither a-less nor -less cultivars
were identified in the germplasm collection. Therefore, knockout of the a-subunit gene was attempted by
gamma-ray irradiation of seed of cv. “Kari-kei 434 at the IRB, and five mutated seeds, which exhibited loss of
the a-subunit and o’-subunit, were identified using SDS-PAGE in the M, and M, populations. The deleted form
of the a-subunit was controlled by a recessive gene and crossing studies showed that existence or nonexistence of
the a-subunit was independent of the o’-subunit (Takahashi e al. 1996) . In 2001, a new mutant cv. “Yumeminori”
was developed from this mutation and released as a glycinin-rich and hypoallergenic soybean (Fig. 8; Takahashi
et al, 2004; Nakagawa et al. 2011a). The cause for the hypoallergenic property in cv. “Yumeminori” is due to;
(a) the a-subunit is a major allergen in soybean (Ogawa ef al. 1991); and (b) GlymBd30K, which represents one
major allergen, was effectively removed from soybean protein isolates using chemical and physical methods
(Samoto et al. 1996). Almost all growth habits of cv. “Yumeminori” were similar to cv. “Tachinagaha” except
for the slightly lower seed weight and ca. 4% higher protein content. However, the processing properties of tofu
curd were poorer than those for normal soybeans presumably caused by the high reactivity of glycinin proteins
in cv. “Yumeminori”. To solve this problem, further studies are required. Recently, it was clearly shown that the
deficiency of the a-subunit in a mutant line “a-null (1) was caused by the termination codon resulting from
inserting four bases into gene CG-2 encoding the a-subunit (Ishikawa et al. 2006).

Today, these glycinin-rich soybeans are utilized for soymilk products with decreased allergic reaction.

Kebri (a' - null) ——
Oodate 1 —
. Gamma ray
Mo-shi-dou (200Gy)
(a-&PB-low) \J,J
Tachiyutaka —— L L
—— Kari-kei 434 —> Yumeminori
. a'- null a-&a'-null
Tachiyutaka
a- & B - low B-low

Fig. 8. Pedigree chart of glycinin rich mutant cv. “Yumeminori” (based on Takahashi et al. 2004).
(Courtesy of Dr. M. Hajika, NARO)

9) Super-nodulation

Super-nodulation is a character that generates a large number of root nodules in leguminous plants. Super-
nodulating mutants of soybean may provide a new genetic resource for improving soybean productivity by
higher nitrogen-fixation as well as for elucidating mechanism of rhizobium-plant interactions. A super-nodulating

mutant “En6500” was isolated from a 2,800 M, population generated by treating cv. “Enrei” with 0.5% of
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ethyl methanesulfonate (EMS) (Akao and Kouchi 1992). The “En6500” had an increased number of nodules,
inherited as a Mendelian recessive trait (Kokubun and Akao 1994); however, its growth and yield performance
were inferior to that of cv. “Enrei”. The cause of this reduced yield performance is presumably from the high
consumption of carbohydrates by nodules and a decrease of total nitrogen assimilation through the reduction of
nitrate absorption (Takahashi, et al, 1995). Due to the inferior performance of this new germplasm, a second
attempt utilizing traditional backcross breeding to cv. “Enrei” was initiated and the super-nodulating cv. “Kanto
100” was successfully selected at the National Institute of Crop Science (NICS), National Agriculture and Food
Research Organization (NARO). The cv. “Kanto 100 exhibits super-nodulation and the yield is similar to that
of cv. “Enrei” (Takahashi et al. 2003). This super-nodulating mutation has potential impact on the development

of high efficiency, nitrogen-fixing soybeans as well as for elucidation of rhizobium-plant interaction.

10) Japanese pear and apple resistant to Alternaria disease

A popular cultivar of Japanese pear (Pyrus serotina Rehd. var. culta Rehd.), cv. “Nijisseiki”, was a leading
cultivar that occupied 28% of the total cultivated area of Japanese pear in 1990 in Japan. However, the cultivar is
highly susceptible to the black spot disease, Alternaria alternata (Fr.) Keissier (= Alternaria kikuchiana Tanaka),
one of the most serious diseases of pear (Nishimura ez al. 1978). Growers need to spray fungicides several times
during the growing season to counter the disease. To induce mutations resistant to the disease, small plants of the
cv. “Nijisseiki” were planted every 4 meters within 37-63 m from the “’Co source in 1962 and chronic gamma-ray
irradiation was applied (30 x 10” to 4 x 10* Gy/day) in the Gamma Field (Sanada et al. 1993). In 1981, nearly
20 years after the planting, a twig bearing green leaves exhibiting no symptom of the disease while all the other
twigs were infected by the fungus and most leaves had many black spots. The resistant twig was found on a plant
planted 53 m from the radiation source. As it was ascertained that there was no difference in other agronomic
characteristics between the mutant and the original cultivar except for resistance to black spot disease, it was
registered and released in 1991 with the name cv. “Gold Nijisseiki” (Sanada et al. 1993). It was registered under
the same name in Australia in 2004 (Certificate Number 2533).

Dr. Sanada, one of the breeders of this cultivar mentioned, “The situation of mutation breeding on Japanese
pear has been severely criticized because there have been no successful results”. Although it took them nearly 20
years to identify a useful mutation and 30 years for its registration, the release of cv. “Gold Nijisseiki” became a
monumental achievement for the IRB’s Gamma Field.

At the same time, an easy and effective method for screening of resistance to the fungus was developed by
treating leaf disks (punched out by 7 mm in diameter) of each branch by the toxin produced by the fungus in the
culture (Sanada 1988). After that, Nakashima et al. (1982, 1985) isolated and identified the chemical structure
of the toxin (“AK-toxin”) produced by the fungus of black spot disease. As a consequence, the breeding group
of the IRB entered into a cooperative research program with the chemistry group in Kyoto University and
established the further use of this approach. When the punched leaf disks are placed on filter paper in a Petri
dish soaked with AK-toxin obtained either from the extracts of the fungal body or artificial synthesis, and kept
for 2 days at 25°C, leaves of susceptible cultivars such as cv. “Nijisseiki” turn black and leaves of resistant
cultivars such as cv. “Chojyurou” stay green (Fig. 9). The intact leaves and old leaves of cv. “Gold Nijisseiki”
are completely resistant, but interestingly the cut young leaves are partially susceptible, probably because only
leaf surface tissues (the L1 layer) became resistant but inner tissues still keep susceptible genotype. As a result,
leaves of cv. “Gold Nijisseiki” is really resistant to the disease in the field. Following its development, two
new mutant cvs. “Osa-Gold (Masuda et al. 1997, 1998)” and “Kotobuki Shinsui (Kitagawa et al. 1999)” were
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1st Leaf

2nd Leaf

3rd Leaf

4th Leaf
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cv. Chojyurou cv. Nijisseiki cv. Gold Nijisseiki

Fig. 9. Resistance bioassay for black spot disease using the AK-toxin obtained from the culture of the fungus
(based on Nakagawa 2009). Upper to lower leaf disks (1-5) indicate 1 (young) to 5 (older) leaf;
cv.“Chojyurou”: highly resistant; cv. “Nijisseiki”: highly susceptible; cv. “Gold Nijisseiki”: resistant

developed in a short period using this unique screening method. The economic effect of this research has been
great.

Furthermore, the same bioassay method can also be utilized for the selection of plant resistant to Alternaria
blotch disease using the AM-toxin (Ueno ef al. 1977) produced by the fungus Alternaria mali that attacks apple.
A new mutant apple cv. “Houiku Indo” was selected from gamma-ray irradiated micro-propagated shoots of
susceptible cv. “Indo” (total dose: 80 Gy) and found to be resistant to this disease (Yoshioka et al. 2001).

This research suggests that breeding of fruit trees requires patience and that development of simple, efficient

and precise screening methods is very important for mutation breeding.

11) Others

Many other interesting mutations have been identified using various screening methods in Japan. Additional
information about unique mutations, screening methods, and released cultivars is given in the Appendices of this
report. Gamma Field Symposia (a series of proceedings; http://www.nias.affrc.go.jp/eng/public/index2.html)

and Radiation Breeding Technologies (ibid.) also provide a wide range of information.

IV Genetic studies of the useful mutations induced
by acute or chronic gamma-ray irradiation

Spontaneous and induced-mutation resources have played important roles not only for mutation breeding
but also in genetic studies and the elucidation of gene functions. Some examples are mentioned here.
1) Phytochrome

Takano et al. (2005) isolated phytochrome B (phyB) and phy C mutants from rice and produced all
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combinations of double mutants. Seedlings of phy B and phyB phyC mutants exhibited a partial loss of sensitivity
to continuous red light but still showed significant de-etiolation responses. The response to red light was
completely lost in phyA phyB double mutants. These results indicate that phy4 and phyB act in a highly redundant
manner to control de-etiolation under red light. They also found that mutations in either the phyB or phyC locus
cause moderate early flowering under a long-day photoperiod, but monogenic phy4 mutations had little effect on
flowering time. However, the psy4 mutation in combination with the phyB or phyC mutation caused dramatically
early flowering. The phyB mutants were generated by chronic gamma-ray irradiation with dose rates of 3-6 Gy/
day (Takano et al. 2005).

2) Aluminum tolerance

Ma et al. (2005) isolated a mutant with high sensitivity to aluminum (Al) concentration from cv.
“Koshihikari”, an Al-resistant japonica rice (Wu et al. 1997). The mutant was induced through chronic gamma-
ray irradiation and exhibited the same phenotype as the wild-type; however, without Al tolerance. That is, M,
plants were irradiated in the Gamma Field from 7 days before heading to 2 days after heading under 20 Gy/day
for 8 days. The root elongation of the mutant was highly inhibited in the presence of 10 uM Al. The mutant also
exhibited poorer root growth in acid soil. Genetic analysis showed that the high sensitivity to Al is controlled by

a single recessive gene, mapped to the long arm of chromosome 6.

3) Wax-free mutation of sorghum

Sorghum (Sorghum bicolor (L.) Moench.) produces and deposits bloom or epicuticular wax on the surface
of stems and leaves (Fig. 10 left). The deposition of this wax is a dominant trait (Bm) with variation under
different environments (Jordan ef al. 1983), and bloomless (hm) mutants have no bloom or wax on the surface
of plant parts. This wax is thought to make an important contribution to tolerance to abiotic stresses such as
drought through reduced cuticular transpiration (Blum 1975) and protection from ultraviolet (UV) light in the
semiarid tropics (Jordan et al. 1983). Reducing cuticular wax and cuticle deposition is also known to increases
susceptibility to the fungal disease northern corn leaf blight caused by Exserohilum turcicum (Jenks et al. 1994).

However, bm sorghum tends to increase resistance to biotic stresses such as resistance to greenbug attacks
(Peiretti et al. 1980; Nakagawa et al. 2011b), which is achieved through nonpreference (Weibel and Starks
1986), and sheath blight (Kasuga et al. 2001).

In Japan, sweet sorghum has recently become a candidate crop for bioethanol production by utilizing the
sugars produced and stored in stems and lignocellulose of stems and leaves through fermentation (Nakagawa ef
al. 2013). The development of sorghum cultivars resistant to biotic-stresses will have advantages for low-input
without pesticides and fungicide and sustainable biofuel production. In 2006, groups of 1,000 seeds of sweet
sorghum cv. “Italian” were irradiated with different doses of gamma-rays (0, 100, 200, 400, 500, 800, and 1,000
Gy for 20 hours) in the Gamma Room at the IRB, NIAS. After germination tests of the M, seeds, the seedlings
were transplanted in the field and self-pollinated M, seeds were obtained by bagging of M, inflorescences before
heading. In 2008, six seeds from each M, line were planted in the field plots for the evaluation. Two bm mutant
plants without visible epicuticular wax (bloom) on the stems (Fig. 10) were identified from the M, population
irradiated with 400 Gy of gamma-rays. The two self-pollinated lines were planted in the field and identified as
pure lines with no variations. At the same time, these two lines were hybridized with the original cv. “Italian”
plants, and the F, seeds and self-pollinated F, seeds were obtained. In 2010, 96 F, seeds from each hybridization

were planted in the field for genetic and molecular analyses. The F, population segregated for individuals with
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Fig. 10. Wild type (left) and hm mutant (right) of sorghum cv. “Italian”.
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Fig. 11. Genomic inversion in the bm mutant. An inversion of ca. 1.4 Mbp occurred on the chromosome 6
(based on Mizuno et al. 2013). Arrows indicate cloned sequence from the wild-type (WT) and the bm
mutant genome. At the junction, four bases (TACT) or two bases (AA) were deleted in the bm mutant
genome. Because of this inversion, the upstream region of the Sb06g023280/WBC11 gene (black arrow)
was exchanged with the downstream sequence. (Courtesy of Dr. H. Mizuno, NARO)

and without epicuticular wax at a frequency of 74:22 (x° =0.1277; P =0.7209 for a 3:1 segregation ratio, Chi
square test) suggesting that the bm phenotype was controlled by a single recessive nuclear gene (Nakagawa et
al. 2011c; Mizuno et al. 2013). The leaf-sheath of F, plants with thewild-type phenotype and those with the bm
phenotype were subjected to RNA-seq analysis. In addition, the sorghum dm mutant and wild-type plants were
examined using scanning electron microscopy, which showed that the wax was not located on the leaf surface of
plants but deposited inside of the cells (Mizuno et al. 2013).
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Total RNA of both wild-type and bm mutant were extracted from leaves, and converted to cDNA for
massive parallel sequencing in an [llumina Genome Analyzer and differentially expressed genes were identified
(Mizuno ef al. 2013). Of the 31 downregulated genes, one gene was similar to the ABC transporter responsible
for wax secretion in Arabidopsis (Bird et al. 2007; Panikashvili et al. 2007; Ukitsu et al. 2007). The induced bm
mutant was identified to carry a 1.4-Mb genomic inversion proximal to the promoter region of Sb06g023280,
which is the candidate gene of the bm mutant, with small deletions at both ends (Fig. 11). Using genome PCR,
six bm mutant-phenotype progeny of the F, population were found to carry the same inversion. The analysis
proved that the inversion involving the Sb06g023280 gene inhibited wax secretion in the bloomless sorghum,

although the epicuticular wax was synthesized inside the cells.

Fig. 12. Gamma Phytotron located at Korean Atomic Energy Research Institute (KAERI) in Jeoungup, Jeon
buk Province, Republic of Korea. (Courtesy of Dr. Si-Yong Kang, KAERI), A: A building of the Gamma
Phytotron; B: Inside the Gamma Phytotron
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4) Chronic gamma-ray irradiation facilities in Asia

Two facilities for chronic gamma-ray irradiation were recently established in Asia. The Gamma Phytotron
(Fig. 12) was established at the Advanced Radiation Technology Institute, Korea Atomic Energy Research
Institute in Jeongeup, Jeollabuk-do, Rep. of Korea in 2005. The irradiation source is “Co with the radioactivity
strength of about 400 curies (Kang et al. 2010). The Gamma Greenhouse (Fig. 13) was established at the

Malaysian Nuclear Agency, Ministry of Science, Technology and Innovation in Bangi, Selangor, Malaysia

Fig. 13. Gamma Greenhouse located at Malaysia Nuclear Agency, Ministry of Science, Technology and
Innovation, Bangi, Kajang, Selangor, Malaysia. (Courtesy of Dr. Rusli bin Ibrahim, Malaysian Nuclear
Agency). A: A building of the Gamma Greenhouse; B: Inside the Gamma Greenhouse



Induced Mutations for Food and Energy Security: Challenge of Inducing Unique Mutants 55

in 2008. The Gamma Greenhouse is a circular greenhouse with a radius of 15 m, installed with BCs with the
radioactivity strength of about 800 curies at the center (Ibrahim 2010). As with the Gamma Field, both facilities
are focused on the induction of mutation by chronic gamma-ray irradiation in growing plants of important crop
species. As described above, chronic irradiation is a useful tool for the generation of mutant genome resources

that have application for molecular analysis as well as conventional breeding.

V  Mutation breeding of outcrossing crops

Mutation breeding has been primarily performed in seed propagated, self-pollinated species. Although
several methods have been widely used for screening of mutants in self-pollinated species by the single-seed
descent approach (Stadler 1930; Nybom 1954) and by one-plant-one-grain method (Yoshida 1962), these
methods have not been applied to cross-pollinated species. Ukai (1990) developed a new and efficient method -
the “crossing-within-spike-progenies method”- for obtaining mutants of cross-pollinated species in a temperate
forage grass, Italian ryegrass (Lolium multiflorum Lam.). This method composes (1) taking seeds separately
from each spike from a population of plants following gamma-ray irradiation, (2)sowing the seeds in a hill plot
as a spike-progeny, (3)isolating each hill from others at the time of flowering and allowing the open-pollination
of plants within hills and (4) taking seeds from each of the hills and sowing the seeds in hill progenies for the
screening of mutants. This procedure is repeated each year. Using 300 Gy of gamma-ray irradiation for the
seed, the frequency of chlorophyll mutations was approximately 70.6% per hill progeny and 1.87% per plant; in
comparison, open-pollinated populations exhibited only 10% per progeny and 0.12% per plant. This method has

application in other wind- or insect-pollinated outcrossing crop species.

VI Mutation breeding and cultivars released in Japan

In a 2015 search regarding the number of induced-mutation cultivars in the IAEA database (http://mvgs.
iaea.org/AboutMutantVarities.aspx), China had the most described induced-mutation cultivars with 810, Japan
was second with 481 and India was third with 330 (including those with doubled chromosome numbers through
colchicine treatment). The total number of mutant cultivars, including direct-use mutant cultivars and indirect-
use cultivars exceed these totals because all mutant cultivars have not yet been listed by breeders. A selection of
mutant cultivars developed in Japan, including their economic impact of these cultivars, and their characteristics
are reviewed here.

1) The number of cultivars developed by mutation breeding

The numbers of direct-use and indirect-use (hybrid) mutant cultivars registered in Japan in each 5-year
period from 1960 to 2015 are shown in Fig. 14. The number of registered direct-use cultivars rapidly increased
until 2000 when 65 cultivars were registered in five years (13 cultivars per year). This number has since fallen,
with 49 cultivars registered during 2001-2005, 54 cultivars during 2006-2010 (ca. 10 cultivars per year) and 27
cultivars during 2011-2015. The number of indirect-use cultivars primarily generated in rice steadily increased
with 79 during 2001-2005 and 80 during 2006-2010 but decreased to 58 during 2011-2015. This reduction can
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be turned around if agronomically useful, direct-use mutant cultivars, such as cv. “Reimei”, possessing the sd/
dwarf gene for rice are induced and utilized by rice breeders. It is presumed that such breeders will gravitate
toward this and other cultivars carrying advantageous unique genes.

There have been 295 direct-use mutant cultivars comprising 70 species generated through irradiation
utilizing gamma-rays, X-rays and ion beams, chemical mutagenesis and in vitro culture (somaclonal variation),
registered and released in Japan (Fig. 15). Approximately 79% of these were induced by radiation, including
gamma-rays (59.3%), ion beams (9.2%), X-rays (8.8%) and other radiation sources such as UV radiation or
those providing no information of radiation source (1.4%). Those induced by somaclonal variation and chemical
mutagens (not including those with doubled chromosome numbers through colchicine treatment), are 14.6 and
6.8%, respectively. Recently, the development of mutant cultivars of flower and food crops, generated by ion
beam irradiation has been a growing area of mutation induction in Japan.

Table 4 shows the number of registered direct-use mutant cultivars of some crops developed by radiation,
gamma-rays, and those irradiated at the IRB, NIAS. These include 43 mutant cultivars of rice (Oryza sativa L.),
17 of soybean (Glycine max (L.) Merrill), four of wheat (Triticum aestivum L.), four of barley (Hordeum

vulgare L.), five of barnyard millet (Echinochloa esculenta (A. Braun) H. Scholz: glutinous mutants for

Table 4. Number of registered direct-use mutant cultivars developed by radiation, gamma rays, and those
irradiated in the Institute of Radiation Breeding (IRB), NIAS (2016).

Cultivar' Radiation Gamma rays IRB’
70 Crops 295 228 176 127
Rice 43 21 20 19
Wheat 4 2 2 0
Barley 4 4 3 0
Soybean 17 16 15 9
Adzuki bean 1 1 1 1
Broad bean 1 1 1 0
Barnyard millet 5 5 4 4
Job’s tear 2 2 2 2
Buckwheat 3 3 3 3
Tartary buckwheat 3 2 1 1
Taro 3 1 0 0
Potato 2 0 0 0
Sweet potato 1 1 0 0
Sugarcane 1 1 1 1
Burdock 5 5 5 4
Apple 2 2 2 2
Japanese pear 3 3 3 3
Peach 2 2 2 2
Loquat 1 1 1 1
Enoki mushroom 2 2 2 2
Chrysanthemum 60 55 40 38
Rose 10 7 7 6
Carnation 15 11 3 2
Sea pink (Limonium) 6 6 6 0
Cytisus 8 8 8 8
Statice 6 6 6 0
Begonia 6 6 6 0
Lily 4 4 4 0
Clematis 2 2 2 2
Petunia 5 5 0 0
Margaret 4 4 0 0
Others 64 39 26 17

1 : Total number of mutant cultivars developed by radiation (gamma-ray, X-ray, ultraviolet, ion beams and unwritten radiation), chemicals
(excluding colchicine treatment), somaclonal variation: 2:Number of mutant cultivars irradiated in the Institute of Radiation Breeding (IRB).
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health food use), 60 of chrysanthemum (Chrysanthemum) and 10 of rose (Rosa). Among them, 126 cultivars
(ca. 72.1% of gamma-ray induced cultivars) have been generated through gamma-ray irradiation in the Gamma
Field, the Gamma Room and the Gamma Greenhouse of the IRB. This high percentage of gamma-ray-irradiated
mutants indicates that mutation breeding via gamma-ray irradiation is an effective and highly successful
approach for generation of commercial cultivars. Detailed data of developed cultivars are listed in Appendix 1,
that includes cultivars induced through colchicine treatment.

The first mutant rice cultivar developed using gamma-ray irradiation was cv. “Reimei”, which means “dawn”
in Japanese. Its development illustrated the potential of gamma-rays for breeding improvements in Japan. The
cv. “Reimei”, registered in 1966 (Futsuhara 1968), was a successful case of an irradiation-induced semi-dwarf
mutant. This cultivar exhibits a mutation of the SDI locus (Ashikari et al. 2002), which is same as the mutation
of a miracle rice, cv. “IR8”, through cv. “Dee-geo-woo-gen” and later contributed to the “Green Revolution” of
rice, and shows a culm 15 cm shorter than the original cv. “Fujiminori”. The semi-dwarf character is associated
with the high-yielding ability and recorded the highest yield in Japan in 1967 (Futsuhara 1968)

In Japan, the total number of indirect-use mutant cultivars is 335, which includes 298 rice, 15 soybean, eight
barley, six wheat, three tomato, one eggplant, one Japanese lawngrass (Zoysia japonica Steud), two mat rush
(Juncus effusus L. var. decipens Buchen.) and one Job’s tear (Coix lacryma-jobi L. var. ma-yuen Stapf) in 2016
(Table 5). Detailed data of developed cultivars are listed in Appendix 2. Interestingly, among the 298 indirect-
use mutant rice cultivars in 2016, 150 cultivars (50.3%) exhibited lodging resistance characteristics in the semi-
dwarf cultivars derived from cv. “Reimei” or its offspring. This demonstrates that agronomically useful mutations
can be efficiently and intensely utilized as parental lines to develop new cultivars with the same characteristic,

and over the years the mutant gene multiplies itself in the farmers’ fields.

Table 5. Number of indirect-use mutant cultivars in Japan (2016).

Rice Wheat Barley Soybean Tomato Others Total
298 6 8 15 3 5 335

2) The economic impact of mutant cultivars in Japan

The increase of mutant rice cultivars derived from mutants generated by gamma-rays and sown in farmers’
fields in Japan since 1960 is shown in Fig. 16. The cv. “Reimei” was first cultivated on 61,598 ha in 1968 (http://
ineweb.narcc.affrc.go.jp/). The number of mutant cultivars has been increasing and 99 mutant cultivars (two
direct-use and 97 indirect-use cultivars) were in cultivation in 2005 (Nakagawa 2008).

The total cultivated area of mutant cultivars mostly derived from gamma-ray irradiation during 1961-2005 is
shown in Fig. 17. This number increased after cv. “Reimei” was released for cultivation in 1968. The peak use of
induced-mutation cultivars was 250,000 ha in 1986 and slightly exceeded 200,000 ha during 1994-2005. In 2005,
the total cultivated area of mutant cultivars was 210,692 ha, which was 12.4% of the 1,702,000 ha cultivated for
paddy rice in Japan (Nakagawa 2008).

The total crude income of farmers selling the brown rice of mutant cultivars has also increased with the
expanding cultivation area. The amount of total income was estimated to be approximately 250 billion Yen (2.34
billion USD) in 2005 (Fig. 18) (Nakagawa 2008).

The following 17 cultivars were derived from mutant cultivars induced through gamma-ray irradiation
(Appendix 2) and were cultivated on more than 5,000 ha during 2001-2005: cv. “Kinuhikari” (263,223 ha),
cv. “Haenuki” (219,734 ha), cv. “Tsugaru-roman” (106,423 ha), cv. “Yume-akari” (66,491 ha), cv. “Yume-
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Fig. 17. Total cultivated areas of mutant rice cultivars derived from mutants mostly generated by gamma-
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Fig. 18. Total estimated crude income of farmers obtained from cultivation of mutant rice cultivars
mostly induced by gamma-rays in Japan during 1996-2005 (Nakagawa 2008, 2009).
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tsukushi” (58, 893 ha), cv. “Aichi-no-kaori” (53,697 ha), cv. “Asahi-no-yume” (51,049 ha), cv. “Mutsuhomare”
(46,959 ha), cv. “Dontokoi” (17,008 ha), cv. “Yume-shizuku” (14,076 ha), cv. “Mine-asahi” (10,698 ha), cv.
“Yume-hitachi” (10,440 ha), cv. “Yume-minori” (9,957 ha), cv. Aki-geshiki” (7,510 ha), cv. “Aki-roman (7,450
ha)”, “Miyama-nishiki (7,242 ha)”, and “Tsukushi-roman (5,533 ha)”. The following five mutant cultivars
have been cultivated on more than 100,000 ha of farmers’ fields: cv. “Akihikari” (1,410,810 ha), cv. “Reimei”
(886,188 ha), cv. “Kinuhikari” (263,223 ha), cv. “Haenuki” (219,734 ha) and cv. “Tsugaru-roman” (106,423
ha). Among them, only cv. “Reimei” is a direct-use mutation cultivar and the others are indirect-use cultivars
(Nakagawa 2008; Appendix 1, 2).

The latest data of the top three paddy rice cultivars in 47 prefectures of Japan in 2013 shows that 14 indirect-
use mutation cultivars are listed in 180,233 ha of paddy field (11.03% of total paddy field) (Table 6). Among
them, cv. “Kinuhikari”, which is descended from a gamma-ray induced semi-dwarf and lodging-tolerant mutant
line, cv. “Hokuriku 100 Gou” (Samoto and Kanai 1975), from the most popular tall cv. “Koshihikari” and semi-
dwarf “IR8” (Koga et al 1989), is the most popular mutation variety with a good taste and shorter stems and
covered 48,187 ha in 11 prefectures in 2013. The cv. “Haenuki” descended from cv. “Reimei”, covered 63% of
Yamagata Prefecture’s paddy fields (43,848 ha) . Interestingly, cvs. “Yume-hitachi”, “Kinumusume”, “Ikuhikari”,
“Yume-tsukushi”, “Genki-tsukushi”, “Yume-shizuku”, “Saga-biyori” and “Nikomaru” are descended from cv.
“Kinuhikari”. Therefore, the total cultivated area of cv. “Kinuhikari” and its descendants was 95,103 ha or 5.8%
of all the paddy field in Japan. The real cultivated areas of mutant cultivars exceed these values because the data
include only the top three cultivars of prefectures and do not include all cultivars. This means the economic
impacts of mutant cultivars of rice are huge and the roles of cvs. “Reimei”, “Kinuhikari” and “Mineasahi” are
very important in Japan.

There have been 16 direct-use mutant cultivars of soybean registered in Japan (Table 4) since cvs. “Raiden”
and “Raikou” were developed by gamma-ray irradiation in 1960. The improved characteristics were early-
and late-maturity, yellow hilum, seed-coat color, short-stems, numbers of pods/stem, lipoxygenase-free and

low allergens (Nakagawa ef al. 2011a). Among them, cv. “Mura-yutaka” with yellow hilum color mutation is

Table 6. Mutant rice cultivars listed in the top 3 in 47 prefectures in 2013.

Variety Cultivated Area (ha) No. of Pref. Origin of Mutant Cultivar
Kinuhikari 48,187 11 Hokuriku No. 100
Haenuki 43,848 1 Reimei

Koshi-ibuki 20,400 1 Reimei
Asahi-no-yume 17,598 3 Mineasahi
Yume-tsukushi 16,120 1 Kinuhikari
Yume-shizuku 8,463 1 Kinuhikari
Kinumusume 6,192 1 Kinuhikari
Sagabiyori 6,006 1 Mineasahi; Kinuhikari
Genki-tsukushi 3,627 1 Kinuhikari

Nikomaru 3,266 1 Kinuhikari
AKki-roman 2,358 1 Mineasahi
Yume-hitachi 2,331 1 Kinuhikari
Mie-no-yume 927 1 Mineasahi

Ikuhikari 911 1 Kinuhikari

Total 180,233 23

Total paddy field in Japan 1,632,000

% 11.03
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preferred in Japan and was induced by X-rays at Saga University (Nakamura ef al. 1991; Appendix 1). There are
15 indirect-use mutant soybean cultivars (Table 5), of which four, including cv. “Ryuhou” are descended from
a mutant cv. “Raiden” with induced early-maturity characteristics (Appendix 2). Table 7 shows the cultivated
areas and estimated farmers’ income for soybean mutant cultivars in 1997, 2001, 2005, 2006, 2011 and 2014 in
Japan. Among the direct-use mutant cultivars, the cultivated area of cvs. “Mura-yutaka” was 1,173 ha (1,403
ha in 2011), “Kosuzu” 134 ha (194 ha in 2011) and “Akita-midori” 40 ha (0 ha in 2011) in 2014. Among the
indirect-use mutant cultivars, the cultivated area of cv. “Ryuhou”, a descendant of the gamma-ray induced
mutant cv. “Raiden”, was the third of all soybean cultivars planted in Japan with 10,548 ha in 2011 and fourth
with 9,600 ha in 2014; cv. “Nanbu-shirome”, which was selected from hybridization between cvs. “Raiden”
and “Kitami-nagaha”, had 1,472 ha (2,132 ha in 2011); and cv. “Suzu-sayaka” descended from a lipoxygenese-
free mutant, and cv. “Suzu-kaori”, which was selected from hybridization between cv. “Kosuzu”, a gamma-ray
induced direct-use mutant cultivar from cv. “Natto Kotsubu”, and “Karikou 778F5”, a descendant of cv. “Kosuzu”
(Appendix 1, 2), had 61 ha (65 ha in 2011) and 70 ha (56 ha in 2011), in 2014, respectively. The cv. “Kyo-
shirotanba”, selected from hybridization between gamma-ray induced direct-use mutant cv. “Murasaki-zukin”
and local cv. “Tamadaikoku” (Appendix 1, 2), was cultivated in 4 ha of Kyoto Prefecture. Thus, the economic
impact of mutant cultivars of soybean is huge in Japan. The total cultivated area of mutant cultivars in farmers’
fields was 14,399 ha (10.5% of total cultivated area of 136,700 ha of soybean in Japan) in 2011 and 12,614 ha
(9.5% of total area of 131,900 ha in 2014), and total farmers’ crude income was estimated as 11.6 billion Yen (ca.
116 million USD) in 2011.

Table 7. Cultivated areas (ha) of soybean mutant cultivars and income of farmers from the production in 1997, 2001, 2005, 2006,
2011 and 2014 in Japan.

Cultivar Name 1997 2001 2005 2006 2011 2014
Raiden' 80 8
Wase-suzunari' 120
Mura-yutaka' 3507 5910 2466 2265 1403 1173
Kosuzu' 498 863 576 512 194 134
Ichi-hime' 35 130
Akita-midori' 8 87 95 40
Nanbu-shirome® 1246 1550 1534 1365 2132 1472
Tomo-yutaka” 2
Suzu-no-ne’ 10 50
Eru-star’ 447 43
Suzu-sayaka® 10 234 65 61
Suzu-kaori® 25 56 70
Ryuhou’ 1150 7050 8033 7955 10548 9600
Tsuya-homare” 1
Kinu-sayaka’ 61
Kyo-shirotanba® 4
Total 6,613 15,474 13,283 12,494 14,399 12,614
Total cultivated areas of 83,200 143,900 134,000 142,100 136,700 131,900
soybean in Japan
% 7.95 10.75 9.91 8.79 10.53 9.56
Income of farmers ca. 20 ca. 59 ca. 52 - 22.6
(Million USD) (115.7 with

subsidy)

! Direct-use mutant cultivar
? Indirect-use mutant cultivar



62 KURIEMBIFAENIZE L > & —iigtlmds %1% (2017.7)

VI Conclusions

A. M. van Harten (1998) describes in the Preface of “Mutation Breeding — Theory and Practical
Application”:

“An explanation for the decreasing interest in mutation breeding, at least in most “developed” countries,
may be that during the past two decades attention has become more and more directed towards studying the
possibilities offered to plant breeding by various new molecular technologies...As a result of these developments
mutation breeding seems to have lost part of its previous attraction for young researchers. It is even not
inconceivable that mutation breeding, as a discrete branch of plant breeding, may sink into oblivion and that, as a
consequence, much valuable knowledge on this topic built up throughout the years, will be lost.”

The record has also shown that mutation induction is a very useful conventional breeding tool for
developing superior cultivars. Today, site-directed mutagenesis in vivo or in vitro cell can be envisioned and
many researchers are conducting programs in this direction.

New fields of science and technologies were developed on the basis of achievements through the application
of traditional or classic methods. It is highly desirable that the IRB continues its work while incorporating new
discoveries and technologies. The IRB is well equipped with appropriate facilities and accumulated know-
hows that will contribute to the future mutation breeding developments and it will remain a viable cooperator in
solving the problems and opportunities of world food security and production.

The list of direct-use mutant cultivars (Appendix 1) includes information of crop species, cultivar names,
year of registration in Japan and the registration number, breeding methods, the institutes of treatment and
development, improved characteristics, ID numbers listed in IAEA database and references. The list of indirect-
use (hybrid) mutant cultivars (Appendix 2) includes the crop species, cultivar name, parental lines (descendants
of mutant cultivars are written in red font with the lineage), year of registration in Japan and the registration
number, the institute of development, improved characteristics of original mutant cultivars, ID numbers listed
in IAEA database, and references. These lists include only mutant cultivars identified from the references and a
database of the Plant Variety Protection office at MAFF, Japan (http://www.hinsyu.maff.go.jp/en/en_top.html).
Therefore, if the cultivar breeder did not mention that it was a mutation cultivar induced through a certain
method, we cannot identify it. We did not include cultivars from spontaneous mutations, which are mentioned
just as a mutant plant or twig found in the original cultivar, in the lists. We anticipate that these lists will

demonstrate the importance of mutation breeding in Japan.
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