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Mutation Breeding with Ion Beams and Gamma Rays

Hiroyasu YAMAGUCHI

Summary

Mutation breeding is a useful method for crop improvement. Its success, however, depends on the type of mutagenic
treatment and the treatment methods used.

Ion beams show promise as a new mutagen which induces mutations with high frequency and produces novel mutants,
because ion beams have high linear energy transfer (LET) and thus have greater biological effects compared with low
LET radiations such as gamma rays and X-rays. Therefore, the mutagenic characteristics of ion beams for mutation
breeding were investigated.

The practical use of ion beams requires information about effective and efficient doses. In gamma rays, there are no
experiment-based reports on the optimum irradiation dose, although gamma rays have been commonly used. In addition,
there are few data regarding the usefulness of the gamma ray irradiation with a low dose rate to prevent radiation damage.
Therefore, optimum irradiation methods of ion beams and gamma rays for mutation breeding were investigated.

1. Characteristics of ion beams as mutagens for mutation breeding
1) Efficiency

Efficiency, which is defined as the ratio of specific, desirable mutagenic changes to plant damage caused by
mutagen treatment, was compared between ion beams and gamma rays using rice (Oryza sativa) and chrysanthemum
(Chrysanthemum morifolium).

Rice seeds were irradiated with 220 MeV carbon ions (mean LET 107 keV-um™?), 320 MeV carbon ions (mean LET 76
keV-pum™), 100 MeV helium ions (mean LET 9 keV-yum?) and gamma rays. Fertility was examined in the M, generation,
and the frequency of the chlorophyll mutations was examined in the M, generation. The relationship between the mutation
frequency per M, plant and fertility indicated that the mutation frequency based on fertility induced by ion beams equaled
or exceeded that induced by gamma rays.

In an irradiation experiment of leaf explants of chrysanthemum carried out using the same ion beams, the effects of
irradiation treatments were investigated using mutation frequency in flower color and nuclear DNA content as indices of
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radiation damage. Mutation frequency with the 220 MeV carbon ion beam was high compared to the other ion beams and
gamma rays, while there was little reduction in the nuclear DNA content as the irradiation dose increased. In contrast,
when the irradiation dose of the 100 MeV helium ion beam increased, the nuclear DNA content decreased, although the
mutation frequency did not increase compared to the other treatments. Thus, the efficiency, which was determined as the
relationship between the frequency of flower color mutation and the reduction in nuclear DNA content, differed according
to the type of ion beam used, and the efficiency with 100 MeV helium ions was lower than that with gamma rays.

In conclusion, the efficiencies of ion beams generally appear to be higher than those of gamma rays; however, some
types of ion beams (e.g., 100 MeV helium ions) produced lower efficiencies than those produced by gamma rays.

2) Mutated sector size

A wide mutated sector is desirable to establish mutants efficiently. Therefore, the width of mutated sectors with ion
beams was compared to that with gamma rays using rice and chrysanthemum.

The results of segregation frequency of chlorophyll mutants in the M, generation of rice showed that ion beams
produced wider mutated sectors than did gamma rays.

In chrysanthemum, flower color mutants were produced by irradiation of ion beams and gamma rays to lateral buds
and by subsequent release of mutants from chimeric status with cutting back twice. Analysis of the chimeric structure
made by comparing the flower color of the mutants to that of plants regenerated from the roots of mutants indicated
that some of the mutants obtained with ion beams were solid mutants, where both LI and LIII layers were derived from
the same mutated cell. No such solid mutants were obtained with gamma rays. Thus, the expansion of mutated sectors
through all the layers of shoot apex occurred only with ion beam irradiation.

In conclusion, it appears that ion beams produced wider mutated sectors compared with gamma rays.

3) Mutation spectra

New mutagens are expected to have a different spectrum from the mutagens presently used. In a comparison of the
relative frequency of each type of chlorophyll mutation (albina, xantha, viridis and others) in rice, no significant differences
between ion beams and gamma rays were found. In chrysanthemum as well, the spectra did not seem to differ between
ion beams and gamma rays because neither ion-beam- nor gamma-ray-specific mutants were observed, and there was
no difference in the relative frequencies of each flower color mutation. From these results, it appears that there was no
difference in mutation spectra between ion beams and gamma rays.

2. Optimum irradiation methods for mutation breeding

I examined suitable irradiation doses to obtain the maximum number of mutant lines from rice seeds sown after
irradiation by both ion beams and gamma rays. As a result, it was found that the number of mutated lines per irradiated
seed was highest at the shoulder dose in the survival curves. Irradiation at the shoulder dose did not affect survival
markedly, giving approximately 90% survival. This result demonstrated that irradiation with such low doses was enough
to efficiently produce mutants. Also in chrysanthemum and rose, mutants were obtained even at low doses of ion beam
irradiation that did not affect shoot regeneration or survival, respectively.

To clarify the usefulness of the gamma ray irradiation with low dose rate for reducing radiation damage, I investigated
the effect of total irradiation dose and dose rate on flower color mutation and nuclear DNA content as indices of radiation
damage in chrysanthemum. Chrysanthemum plants were gamma-irradiated with various total doses at rates of 0.5, 1, and
2 Gy-hl. The frequency of flower color mutation and the nuclear DNA content were investigated in regenerated plants.
The dose rate of gamma rays influenced the nuclear DNA content but did not affect mutation frequency, and the same
mutation frequencies were obtained without large reductions in nuclear DNA content by 0.5 Gy-h!, when compared with
2 Gy-h'. In conclusion, gamma ray irradiations with high total doses at low dose rates efficiently induced mutations with
less radiation damage in chrysanthemum.
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Mz <, ZNFNITITF L REDDH S (van Harten,
1998). 1it-> T, ZRED ¥ A TOFRE Z ORI,
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AN S B & T A % v (Tanaka, 1999). 20 X 9
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SNTWRWITRERKOFEIFEEINL. €2 T,
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Fig. 1. Effect of ion beam and gamma ray irradiation on the
survival of rice seeds.
Survival rate is expressed as the number of seedlings from
the irradiated seeds divided by the number of seedlings
from the non-irradiated seeds. O: 220 MeV carbon ion
beam; @: 320 MeV carbon ion beam; 2: 100 MeV helium
ion beam; A: gamma rays. Vertical bars indicate SE (n =
4 for the 220 and 320 MeV carbon ion beams; # = 3 for the
100 MeV helium ion beam and gamma rays).

L7z (Fig.2). faER~OREL, LETPKREwIiIE
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A4, 320MeV jkFEA 4, 100 MeVAY 7 4 A %,
HIBONIZE L oz, 2O LHIZ, LET 25FW»
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IO B 2 FEIE L L7232 % 55 5 720, 22 5%
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1, Fig.3) Z&nb, HGIFEBRT & DA L R R
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Fig. 2. Effect of ion beam and gamma ray irradiation on
fertility.
Fertility is determined based on seed set in the panicles
of 50 M, plants selected at random from each lot, which
consisted of more than 150 M, plants derived from M,
seeds irradiated with each dose on the same day. O: 220
MeV carbon ion beam, y =90.6 — 1.64x, = —0.918***;
@: 320 MeV carbon ion beam, y = 92.6 — 0.738%, 7 =
—0.913 ***; A: 100 MeV helium ion beam, y = 97.6 -
0.240x, = —0.959***; A: gamma rays, y=94.2 — 0.162x,
r=—0.896 ** ** and *** Significant at 1 % and 0.1 %
levels, respectively.
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M, fi¥y d 72 ) O FMEEL, HHHREI S %5 2
ECHRERPET S A0I20E- THEML 7 (Fig. 4).
M, HE¥I & 72 ) OZESRAHE & A 73R & O BIRIZTEAM T
W7 h o7z HEAED100% 25 90% (KT 3 L HFHT
X, ZBFRHEIEE LML —h, AFEEI90%
PIF & 7% 2 i TR EZ 5 L COERME O
MEFEe»ThHotz. T, EHFEFRTO%EB LV
%L %5 EDOERMEL B L7, HEFE90% 12
BIFAERBE L, 320044 E—ALbIT, Ml
Wai-) OBBEBEIIH1.7% THotz. —F, T~
MCTIEA A E—L L) KL, 109 THo7 &
FEET0% 2B 8L, 320 MeV jk#EA 4~ T
b E < 2.0% T, LIT, 100 MeV 1 A4 % >~ T 1.9%,
220 MeV g4 4+ >~ T1.8%, H o< TL3%DIETH >
7z.

M, filyd 72 ) O FHRRE & PR & DOBRIE, M,
Wd -0 0ERME L FEEETH o 72 (Fig. 5) . =R
90% =BT 5 M, i 72 ) OZERIAEEIE, 320 MeV jit
FAF T THRLBEL 9.5% LIT, 220 MeV jH#ZA 4+~
T9.3%, 7 ~HET8.4%, 100 MeV ~1) A A+ > T8.1%
THholz, BHEETO%IZB VT, 100 MeV A\ 7 4
A4 TidE < 10.2% W\NT 220 MeV jkFEA 4 >~
T9.3%, 320MeV jxHEAF >~ T8.1% W ~#HT6.6%

Mutation frequency
per Mz plant (%)
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Fig. 3. Effect of ion beam and gamma ray irradiation on
mutation induction.
The mutation frequency is determined as the number of
chlorophyll mutants divided by the number of M, plants
investigated, using the M, -plant progeny method. O: 220
MeV carbon ion beam, y = 0.876 + 0.0305x, 7 = 0.563; @:
320 MeV carbon ion beam, y = 0.145 + 0.0193x, 7 = 0.696;
21100 MeV helium ion beam, y = —0.171 + 0.0103x, 7 =
0.934**; A: gamma rays, y=0.124 + 0.00464x, » = 0.685.
** Significant at 1% level.
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Fig. 4. Relationship between survival rate and mutation
frequency.
The mutation frequency is determined as the number
of chlorophyll mutants divided by the number of M,
plants investigated, using the M;-plant progeny method.
Survival rate is expressed as the number of seedlings
from irradiated seeds divided by the number of seedlings
from the non-irradiated seeds. The regression lines are
calculated in the range of 60 %— 95 % survival and 90 % —
105% survival individually. 220 MeV carbon ion beam, y =
1.77 — 0.0001x, » = —0.005 (for 60% —95% survival) and
y=6.91 — 0.057x, r = —0.496 (for 90% — 105% survival);
320 MeV carbon ion beam, y=2.70 — 0.011x, = —0.280
(for 60% —95% survival) and y = 10.2 — 0.093x, r= —0.492
(for 90 % — 105 % survival); 100 MeV helium ion beam, y =
3.1 —0.018x, r= —0.635* (for 60%—95% survival) and
y=15.8 — 0.156x, r = —0.614 (for 90% — 105% survival);
gamma rays, y = 2.18 — 0.013x, » = —0.445 (for 60% —
95% survival) and y =8.36 — 0.074x, » = —0.825 (for 90%
—105% survival). * Significant at 5% level.
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Relationship between survival rate and mutation
frequency per M, plant.

The mutation frequency is determined as the number
of chlorophyll mutants divided by the number of M,
plants investigated, using the M,-plant progeny method.
Survival rate is expressed as the number of seedlings
from irradiated seeds divided by the number of seedlings
from the non-irradiated seeds. The regression lines are
calculated in the range of 60 %— 95 % survival and 90 % —
105% survival individually. 220 MeV carbon ion beam, y =
10.5 — 0.0173x, r = —0.259 (for 60% —95% survival) and
y=35.4 — 0.290x, r = —0.636 (for 90%— 105% survival);
320 MeV carbon ion beam, y=9.84 — 0.0249x, = —0.019
(for 60% — 95% survival) and y=30.2 — 0.23x, 7= —0.350
(for 90 % — 105 % survival); 100 MeV helium ion beam, y =
17.8 — 0.108x, » = —0.819* (for 60% —95% survival) and
y=55.9 — 0.531x, = —0.424 (for 90% — 105% survival);
gamma rays, y = 11.1 — 0.0644x, » = —0.465 (for 60% —
95% survival) and y = 23.8 — 0.171x, »= —0.375 (for 90%
—105% survival). * Significant at 5% level.

S B 26, 2
Fagedkd | HEfF

L7 (Fig. 6, Fig. 7). 3R L My dH 721 DR
B IZBEOEMBEFBS RSN, 3HOA+ 2 E—AT
FRFEROETIZL D M, & 72 ) OB ITAE
ZHmL 7 (Fig.6). Ay~ TIIAETIER»ro72
bOO, RO HR SNz, FEERN60% & 75D
& EOERAEIL, 220 MeV KFEA 4 & 100 MeV ~
U LA G TiE1.4% 320 MeV i#EAF v EH v~
MTIX1.1% ThH o7z

gt e M, i & 72 ) OZ SIS B OEMR R
a7z (Fig. 7). 220 MeV j£#E 1 4+ >, 100 MeV
NI AAF Y BLOT v BTIIREROETICLD

3 o
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Fig. 6. Relationship between fertility and mutation frequency
per M, plant.
The mutation frequency is determined as the number of
chlorophyll mutants divided by the number of M, plants
investigated, using the M, -plant progeny method. Fertility
is based on seed set in panicles of the longest culm in 50
M, plants selected at random in each treatment. 220 MeV
carbon ion beam, y = 2.76 — 0.0225x, » = —0.743**; 320
MeV carbon ion beam, y =3.23 — 0.0383x, 7= —0.644*;
100 MeV helium ion beam, y = 3.84 — 0.0400 x, » =
—0.911**; gamma rays, y =2.41 — 0.022x, 7= —0.587. *
and ** Significant at 5 and 1% levels, respectively.
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M, ¥ 72 ) O EAAE A EIZHM L 7. FagZsEihs
60% & 72 b & XOEEMEIL, 100 MeV N1 7 A A F
YT b < 8.0% IRWT 220 MeV jk A 4 > T 7.5%,
320 MeV jieHEA F > TT7.2% o <HTIE6.7% THo
7z,
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Fig. 7. Relationship between fertility and mutation frequency
per M, plant.
The mutation frequency is determined as the number of
chlorophyll mutants divided by the number of M, plants
investigated, using the M, -plant progeny method. Fertility
is based on seed set in panicles of the longest culm in 50
M, plants selected at random in each treatment. 220 MeV
carbon ion beam, y = 13.3 — 0.0963x, » = —0.842**; 320
MeV carbon ion beam, y = 11.9 — 0.0778x, » = —0.618;
100 MeV helium ion beam, y = 19.6 — 0.194x, r = — 0.875*%;
gamma rays, y = 11.8 — 0.0856x, » = —0.587. * and **
Significant at 5 and 1% levels, respectively.

MM K 72 ) DEFHED 5 L KL Th$h 7%
MROUETH > 7.

5) RERHFRE

WG L 722 5l b C OBRME R 135720
WiRE AR, BERELREL-M BTS20 0
ERAEBOBEBRASH S L (Fig.8). 14+ ¥—
L, W< bIHEELE M ETH720 OB REE
&, HAMEHRE CRALZY, FNEY LRV
BT Lz, BEHRELFEL-METHZ) D
ZEAB ORI 2 R E H T3, HELA M,
F o7z OLEFEED IS F < % B & BREE K
W5 E, 220 MeV A 4 > Tl 22 Gy T 0.085 fE {4,
320 MeV j3% 1 + >~ Tid 73 Gy T 0.094 {1, 100 MeV
AN AAF 2T 187 Gy TO0.076 ik, 7 ~H#T
(%209 Gy T 0.058 ffAkCd o 7=, #%fE L 7= M, i+
7o) OERGHE SRS EL o l-fElE, 3O+ >
=Ll 2BOVTRIZBWTY, AfFRilifics
WCR E L LMEICHY L (Fig. 1), /2, L
M, FE 1372 ) OZEREBORAKMEE, 3D A F v ¥—
LADIFIDVHT <RI L EH o 7.

No. of mutated M1 plants
per sown M seed

0 50 100 150 200 250 300
Dose (Gy)

Fig. 8. Relationship between irradiation dose and the
number of mutated M, plants per sown M, seed.
The number of mutated M, plants per sown M, seed is
determined as the number of M; plants that produced
chlorophyll mutants in their progeny (M, plant) divided
by the number of sown M, seeds sown after irradiation.
(O: 220 MeV carbon ion beam, y = —0.696 + 0.780x —
0.0174%*, r = 0.732*; @: 320 MeV carbon ion beam, y =
- 8.52+0.493x — 0.0034x%, » = 0.726*; 2: 100 MeV
helium ion beam, y = — 3.462 + 0.118x — 0.000315x%,
r = 0.869 ***; A: gamma rays, y = 1.83 + 0.0383x —
0.0000916x%, 7= 0.218. * and *** Significant at 5% and 0.1%
levels, respectively.
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YE—ABIUT BT LA LG EOTVE S
OB 34 50%, —F, ¥H 7138~ 15%,
Y1) 71 A1 25~ 30%, Z DAk 8 ~13% Td - 7= (Fig
10). SO ), FEFFLERDY A T O
JEIZIE, A F =L Ty ETENI P 7.

7) SBESEE

SHEDOAF v V=LA EH T, BEHEIE
BIZHEo T, EWOHEEE 2R T REO KA L 72
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Fig. 9. Frequency distribution of the different types of
chlorophyll mutants induced by ion beam and gamma
ray irradiation.
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> T 100 ~ 250 Gy D#iFHT 0.16 ~ 0.20 TH - 7=
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ADIFIDVBT Y IHED OFHNAT LEZRL TS, I

LT ENE, A E—LAD [FE] L, Hr~ime
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Ekberg (1969) (%, #F AF|IZBWCEMKGHE (4
T E X M) 12X 20 82 %13 F I fetafh iy (&
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S5, HPEREFIZL DI SR SNE AT M,
HARTRITFTENZ V., FNWZ, A4 =4
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Fig.10. Frequency of the different types of chlorophyll
mutants induced by ion beam and gamma-ray
irradiation.

The frequency is determined as the number of each type
of chlorophyll mutants divided by the total number of
chlorophyll mutants induced each radiation type.
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ElE, FORERE ORI L CERBEENSWEE X
5N 5. F72, Yang and Tobias (1979) &, Z2/RZEH
DFF LB BENBEG 2 52 2% Lo L 512,
YL E LET OB & e THifgic L ) K& 24
WEERIITIEND, A4 E—LR3 T HREIDD
LBV TERIEED D L WEARKEZFHETE S
WHEVEZ/RIEL CTWA, INbnZ b d, 14+~
U= A TSN L 2 5 2 — DAVN S R Zh Y
ICHERTELLEEZOLNS.

i R i A R IC B B R 1d (5% L (Ekberg,
1969), #“MIATETISRIT. o T, M1k
TEDTIE M, U B W THREDFEN DT LA
BIEND. FAEEFEEEY TSR B 2 2R E)
EEGEE LTS ZE0S, QKR EN L /A
SWIZENRET LW, INHOHEHA2L, fedidr ik
E LRl WERED, HHRERBERDIDIC
LVRWEEZ LN,

—77, WRGhE & AR L OBIRIL, 14 v E—A
T L) R COMREHCH UL REE T
BAREBLIENTELIE, Thbb, A+ P-4
BT LR ES ) OBRELEFRIND [
Bl A, Hr<BEYV LB LERLTEBY, 2O
E 3P (Fujii et al., 1966; Mei et al., 1994) & —3 L 7.

220 MeV carbon ion beam 320 MeV carbon ion beam
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10*II I N =55
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A4 =L e BOEREE L, M, Y H 7
N OZSEARREE L LT M, il & 72 ) O AR T
EANE o T ZORRE LT, BEHZOZETRSZM
MRICBIT DIEFEMIREDA 4 v = & Tl
b, Thbb, BETEEIIC, A4+ E— AR
DIREMIEENE, 772~ LD Do 7o ReE
WEZONDL. BEMOE DS ) OLEIAEMS A +
YE—LNET B ETHRETH- T, MREMEEDS
Lk M i 7- ) OLBHEOMFEIEE 2 5.
oL EHNS, EERFFEMRE, ERELHEZD
GBI DB Z T v, My i d 72 ) o2 5
ErHWTHETXETH 5.

Kawai 1, 4 A 2BV THEHEMIZEZ 2% O
DERRZ BT L7202, EFEWHNCIE L 2/
5M, fET2REY 52 L 28O TS (gtd. in van
Harten, 1998) . Osone (1963) (&, FREOFILIEASMY
R OWEOEEMIEICHR L, Zid5 2w L 6 Ol
bbb i L Twa. fito T, IREMICZE
ByRE-GE, FROBIEXFAT12%2D, 2wz
M, FEF- 12381 2 AR A RO EEHEIX 0.25 L ) b/h
&< 7% (Osone, 1963) . AFEEXTIX, £ M, 25
FHRTHLELEEZZONLBREIRDEWHDS M, i1
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Fig.11.

Frequency distribution of segregation frequency of chlorophyll mutants induced by ion beam and gamma ray irradiation.
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HIZBWT0.25 L) b/hEhot.

HH#ELECT 2L, BWIEEHE 2R L7RiD
BAsEan L7z, R, Mo R CARMNEIC Ik
LEGOEE, Thbb, BRYI Y -DILEERLT
Wn, BHHELEC LzE 21, BRI
T 52 L% LICESEMIEHROES 25 < 7 A el
vy, 3 BEBEEEAY i WSRO IEINIE, Yamaguchi (1962)
% Osone (1963) 2L > ThiEm SN TV 5D LI IZIEE
MBIz LA2bDEEZLND.

KEBRTESNIA T U — A TONEEE IS V<
LD DAL WIRERIE, A4 - AR OLEIE
M =D EN L) AT L E2RLTw
., ZOE) miEVELLL LZERIE, f4 2 E—A
WFLET D EWI ENHRERYA—TRGIEZREI T
&, Mz T, MiEZE @B 5 A 4 SRFEDHT <O
Bl e L T4 7%\ (Tanaka, 1999) 2 &b LitZe v,
A F -2 {HETRI LTS, R SINZETH
GEHRRICIRE LT A=V EZITCRALMRE, &
A=TDHNE, HDWIEY A=V EZIT T Wil
PIRET B L, < Tlagaios ot
@D, H—ICHRS &N 5 (Yang and Tobias, 1979) 729,
MG TIE S A — P OREICRE REDS W LA
THEING, 2L, BEBEIESWEEIZITE
A ETRTCOWBERIEABEIZ, BERESERVEA 12
BEAETXCOMBIAEFT L EELNSL. 20k
AT =L ET ML DEGD, BRI ROMGEM
TOBIENE DL TEEILNS.

ZERBRBFMIZ BT, BREEOT, TokF R
TR L CEREREER T 572012, ZBRE7 5 =N
W EHERATHL. ZOHIIBWT, £+ E—2A
DIFHIPHT <IN SENTWE I EATRENT.

BrLWARFIZIE, (ERELNTELERFELITL
BANRY MV ELDLZEPMREEING. A4 -
DL D FRINTERFELREDOE Y A T O B
BHEIT < ERBET, TVEFOHENRD &
C, ROTEY T ATHY, TOX)ITERELR
DARYZ MVIZIE, A+ v =D T~ EIiTf
BhEIALON P72 A XTI, REOMT TR
MRS, # v~ # (Ando, 1968; Yamaguchi, 1962), X
# (Matsuo et al., 1958), Z L T T4 (Matsuo et
al., 1958; Yamaguchi, 1962) TR OGN TWw A . & 5|24
FALFTYH, Hr~<# (Doll and Sandfaer, 1969), X ##
(Gustafsson, 1969), = L CTH:T# (Gustafsson, 1969)
THBEOHKEIE LN TVD . ZIUIx L, bR

ThibITF Lyt FH A K (ethylene oxide) % JLFE X
N7+ AFTIE, BEHROBEGLEER), )T 1R
OHENRTIVEF L) @l TNH ORI, %%
Fk TR O M BUHEE IO & AL FA SRR & TldR
%505, MEHEOMIEIC L 2BV RV E R RIEL T
W5,

TERRRPRERD AR PV, A E—n LT
YR L THED o 72, Naito 5 (2005) 1, = LET
WS TH L RFEAF U — A LR LET gt TH 5
RBOME L S, BEREII P D LT RERRE
PED ZERRLIZH, ZOIFEACIIBRICEEL R
WEHERI L T\ b REFZETIE, AT MLiE M, AL
THELTEY, BRERIEBEELLEREIILILZERDOA R
WL TWwWA, 2oz &2k, Kb omEE R Ak
HOMTARYZ MVITEWD L Ro72008 Ltk v,
¥ 7 (Nagatomi et al., 1996) %% — % — ¥ = » (Okamura
etal, 2003) T, A1+ UV —2l2LoTH U IRHTIZ
Bonedro IALBERAKPBE N2 EAHE ST
W5, Naito 5 (2005) (&, SREEIHUEAEYIZB VT
L EEORER S MR A B A TR, KRS
WOBEILERIZEHB L T 57259 LiliRTw3, *
RN =A== a3y D L) RAREEEEEIC BT
REMEOZBR EIMREROEROWMEP B TE L L
Mo, AF =L EFUIMETARY MVDENH
Hhizonrb Lhkwv, ZBRANRT PLOENT LD
T 5720135 R MEPLETHY, £ O
TOA R E e R E L7 RERBFROE R 5
LRI o T EBbNRS.

AF =L EFERIME) Ih/zo T, HEHED
HEPLETH L, RBGHREICE L TiE, v o
HIRY TIE, BRI L TOERYITIRINT WA
Vi 2N ZARTFFETCUE, FRES LI S N2l T O 5
KOERERZFZEDL L) BEIS, A+ E—A
ET RO T Y 2 BT E ZDWORET L 7z,
ZORER, BB SN TH72) OEREEE, (4>
=LAt H U BOMEIZBWTEFEMBORE & %5
METH-EDEL o7, HERDBEIZBT LY
TlE, EFREIBLZI0THY, EFIZIFTLALE
BLw, AWEORKRIE, 20X ZRViEETOR
W, TR L CEREDPERTE LI 2RLT
W T BERETTIE, AEEEE 40 %~ 60 %% M, E
HEOEFED30%~ 50 %AV HitmsHL L STl
bNTEA, BIETIE, BEWETROKRE RZE % 8
J572012ZN50HE L) bERWHENIEHbILTET
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V2% (van Harten, 1998). AEfERIMROTE & 7% % fiE 14,
WY TMOBREROBEHREO H% & ST &7 50%3%
MR LD DI, o T, BLabME #ENY
MERELERD IR, HEOELZTPREL
AHGEREEZNRRE CERT 27200 OBRR L L
THLTWLEEZLND.

FE2E XJICBUBIFLE—LOLTES
HEMWRH LU DNA BICRIFTHE

Fouk, MREPTECEE SN TVRIEETH L. 2
RERBMIF 7 OGN BEICBWTEER HEOD L
DOTHY), INFTILLL OEREEGFED, HIRZA
TE (BEDLY) Ry~ XBOFMAIZX 2 NAF
BERIZL > TER SN TS,

FAENZ B VTUE, 1990 FERLIE, 1270 bha >
WY SNIAF PRFDRO R A4 0 E— L4708
EREROFII b TS, A+ E—41%, &
WIRT AV F — {15 (LET) %¥bH, 207z, i
TR XBD &9 7 LET 29N & WIEHR & ik L <

S

WEPMREESTH. uf XF X F R ERRIC
I, AV E-LAIEVWHETERZFRET LI L

R, AT =L E D L WEREDVES S A WE
BART N NVEATHIENRENTVS (Haseetal,
2000; Shikazono et al., 2003; Tanaka et al. 1997b; Tanaka
et al.,, 2002) . FEHETIX, #—%— 3~ (Okamura et
al., 2003; Sugiyama et al., 2008a), >~ 7 X ~ (Sugiyama
etal.,, 2008b), %' 7 (Hamatanietal., 2001), 77 1
=72 (Chinone et al., 2008), V) -E="7 2 (Chinone et
al, 2008), 7 » (Affrida et al,, 2008), * A7 4+ A~
~ 2 (lizuka et al., 2008), X7 2 =7 (Miyazaki et al.,
2002), »N5 (Hara et al., 2003; Yamaguchi et al., 2003),
ML =7 (Miyazaki et al., 2006; Sasaki et al., 2008),
X 0N —~F (Kanaya et al., 2008) 7z & DAL & % HulM 2,
KA A CA + v E— A X AERFRIITOILCE
TW5b,
FZBVTOA T Y E— L ZHMLERFRD
A SN TWw b (Furutani et al., 2008; Nagatomi et al.,
1998b; Shirao et al., 2007; Suzuki et al., 2005; Ueno et al.,
2005; Wakita et al., 2008; Watanabe et al., 2008). #®
HFTH <~ TIEEON L o ALBERMAEP S
(Nagatomi et al., 1998b), #1 L\ it (Nagatomi et al.,
2003) RLUEEDFEA D72 VR R LHE (Ueno et al,,
2005) DSBS NTVE. TOLHII, A F =4

* 7 OEEBRFEEIZAN R L 2o Twa.

TGRS & 0 SRS S N5 78, [EEIZH]
Bho Xk aEELFIER I E1b. Konzak 5 (1965) (1,
LRIFOREI - I, BRFFENRZT TR G
REFO L) ZEGZL > THERI SNLEEDIA
IZOWTHEEITREITHLEL TS, ¥/ TR, ¥
VAR X RO X o THAEED D 2 &
HEINTWw5S (Dowrick and El-Bayoumi, 1966; Ichikawa
etal, 1970). Z 0 X9 BRI O WA IR AIERFE AN
&< 7% % (Ichikawa et al,, 1970) = &5, F 7 ORKF
afEDF AN BV TIRPEEEBOBIT—MIZET L <
W TN R, ¥ ORRERFMIZ B\ TIIZER
JEZZIF T, MBI X 2BEELEBETLLEND L.

BDNARIZ7H A M A M) =12 o THESICH
EMWTEL., ZNU2L D, N+ F (Roux et al., 2003),
74 7 F A (Barker et al., 2001) 7 1 Z O gk
A% (Bashir et al., 1993; Pfosser et al., 1995) Tli&, %
Bkl ROMFHARIETE L Z LEDRESIN TS, &
512 Yamaguchi & (2008) 1%, ¥~ Of% DNA ®id 74~
ARG E L E R OB L 2T, MEGTRIEGHC X
LEEDIREL LTHHATELILARL TS,

REBRTIX, F2712BFLA44+ - 2BEHOLRT
FERIAR L, BN X 2REOIRIEL L T DNA®IZ K
IFFBEARA L. 510, FRENLIEOERDOR
N7 MVEFHE L.

MHBLVHE

1) Kt
X7k KRS (Chrysanthemum morifolium) % i
ALz

2) BatEEmEE

¥/ OMBY > 5 FER 210 X 5mm D K
ESTEOHL, 6bemd ¥ ¥ — L NI #E L
72 1 mg-L' 6-benzylaminopurine (BA), 0.2 mg-L"*
1-naphthaleneacetic acid (NAA), 2% A 7 10— A B X
0N0.9% ERK 2 SHE &b MS ¥ # (Murashige and
Skoog 1962) (pH 5.8) IZWEKL, ¥+ —L %K) A 3
R8T 4 VA CTHE- T

IR 3 ~4 HRIZ, HARE-FTI05E 5 Ze s m =1
IO HBFZERT D AVEF 34 7 1 b o > & Hw, 220 MeV ji&
F#FA4 4> (LET107 keV-pym') ZMWEHHEE 1, 2, 3B &
"5 Gy T, 320 MeV j#% A + > (LET 76 keV-ym') %
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1, 2, 3BXU5Gy T, £LTI100MeV N 7 A A F
> (LET9keV-uym') # 2, 5, 103 X 815 Gy THRY)
L7z, o=, RESEAY IR ZEAT iU E s D
Hy=—NV—AT, 1EMDHZY 10Gy OMEZRT,
G 10, 20, 30 38 £ UV 40 Gy THRSFL 72,

WgHER, %R & 100 mLEDO I =7 )V ¥ — 7 —NIZH
#1 7-1mg-L'"BA, 0.2mg-L'NAA, 2% A7 10—
LON0.9% FERZ R L 72 MS ¥4t (pH5.8) IZREHE L,
HNVAFEL, SHIZZD17 F7213 18 HiRIZ, FHt
EEL7:0, 100mLEOITI=HIVE—H —HITRE L
721mg-L'BA, 0.1mg-L'NAA, 2% A7 a—ZAB L
0.9% FER AN L7- MS £l (pH5.8) (ZRHE L 72,

3) BoMEE

oL, oL IcBRE, 6 EMBICTHEL
7o, BRSMLELZ, 1LEES 72D 60 ~ 100 FEH A HWT,
220 MeV 5 £ 08320 MeV ¥ 1 4+ >, 100 MeV ~ 1) =7
LAy TIEARAE, # T 5 KB T 7. B
fbEEIL, WE LR KI5, 1T ARMEDOY 2— b
DGR AS NI EERF OFG L LTRD 72

4) fEBXR
OEODOEFEMBICHRS 22— M 2EHL TS

WL, DEDDOERDPHLVDEDD Y - NDAE
Moz, ZNH% 100 mLEDOIT=H )V E—H—NIZH

BLZ1% A7 0—ABXU0.9% EREZ ML 72 MS
B (pH5.8) M AHF, FMEMEALL, 6 AICH
B ZERE LB L7z, 11 A2 Table 11 R L7z &9 104%
HRGHILEE 128 ~ 399 AR IZ DWW T, fEfa R % T4 L7z,
BRSO, A LRI 2 28O &
LTk

5) 780—YA b X MU —IC K BEER

FDNA®IZ, 7u—H% A4 MX MY —2&D
Yamaguchi 5 (2008) @ Skt CHlE L7, =~
K7 (Pisum sativum cv. (KE=1H) % NHFH#EL LT
v, HEMEIO DNA EIX, MRoY—2 v F
IOV =7 OfiER LB L CTRD7z. B 2HOER
vy, FNZNEL S HIZHE L7z, JIRIZIEELF
WCEDHERFL TR F 7 2, &llEHORY & &
%, B LUK 10 BIOFERE Z &2 1 EHE L7z, 1
x % DNA #1%, O DNA #1263 2 A F o
DNAmOILE LTHRLA WEIIE, 220 MeV xH#
A+ D1, 2BLU3Gy, 320 MeV FEA 4+ > D 2,

3BXU5Gy, 100 MeV A Y AL+ D2 5BL0
10 Gy, #>¥ <D 10, 20 B £ 1530 Gy % B L 723
Fr & O F bR 50 Bk %2 v 7z /IR I3 R )
DEEF D6 ORI % F\ 7z

6) WEMEFEDKE S

H.DNA & L EREFORNE S L ORREMRES 272
D2, 220 MeV jxFA F v BIOH v~ iR B
RO 2> 5, HAH DNA=2°0.94 ~1.01 T
ERLIEDOEFEmf P LIZIFFELCTH S 38~ 48

X & L7z

6 HIZ&FLHY 2> & 4 DO LFIME 2 B
L, 42070y 7124 LERTOEILEIC & )4
J7z. THRICEYFL, 3KROMFELMESEZ. H
IRHETTHIE L, f% LIHEoAZRESIE. 11
HIZ, 1MESH720 3KDY 22— MZonT, RHAE
WEOR S B L OME AL OBEE L HEIE L7

/R

1) BMEADEE
REBFTHW-BEHREOHHTIX, 14+ E—24
LML IVATEHICITEE L eh oz, Ll
s, WAEHENE LTIV ADRLOBFSLE
T L7z (Fig. 12) . HEEA750% & 7 % i |
220 MeV jikFE A 4 > Tl 3 Gy, 320 MeV i A+ >~ T
X5 Gy, 100 MeV AU 7 A A+ TIE10Gy, >~
MTIE25Gy THo72. TDEHZ, FHb~DFEER
LET 8 2 A 12> TRE S o 7z,

2) % DNA EANDHE

RS OFER 5 5 O T LY O F %% DNA & 1%
0.9872°51.03 Tdh v, FIHMEIX1.00 Th -7 (Fig.
13). FhucxtL, WEEShZER 25 0w
1X, #% DNA 25D L2 fkasA oz, m&bd L
7 EAROFIREE DNA 1% 0.92 T, 3B & [b#g LT 8%

WA L7z, 2L, F7 R 54 KD ) bofy 4
ROBWANAHYT 5.

REBRIZB T 5 $ X TORGLHET, 3% DNA &
H30.97 LU, 374 b bR OER 25 O LY
2B LM DNARLLT & % o 2R o iE, ##
PG L B L CHBEICHML M EoME, P<
0.01), F¥HEITERISHA L7z (Kruskal-Wallis #5,
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P<0.01). 20X,
LA L7z
TG 3% DNA =2 K3 2 81E, 3HEHO A
T —NEH UL TRE 572, 320 MeV jkFEA
T, 100 MeVAY T LA F Y, BIOK Y <#HTIE
AR DNAEAY0.97 LT & % o M o ¥k, FR4
MEATHEIN T 2 120> CTHBICHML O ko
52, 100MeV AN 7 A A F v BXOT > <#, P<0.01;
320 MeV jk# A 4 >, P<0.05), FHHEITAEEILKDL
72 (Kruskal-Wallis #i%, P<0.01). ZHIZk L, 220
MeV jkFE A 4+ > Ti&, BIHED S %> THH DNA
wOFIHMEIEHAP T, 0.97 LT OMEAEE D 8L 7%
noiz.
3@%@4¢y5~A&ﬁyvﬁmgwf,&Dmx
B THREORBOEREZPALPIIT L0, B
1t+ﬁ>:¥o L2 50% &7 B HgTHE © 220 MeV jkFEA
+ > ® 3 Gy, 320MeV ji#EA 4+ D5 Gy, 100 MeV
U AAFD10Gy, Hr<#o20 Gy B s¥
DNAE# [b# L7z 220 MeV jEA + 3Gy v~
#1 20 Gy Tld, HxH% DNA & F1EIX 0.98 T, 0.97
P& %ol /fofiE, 50 k22 23 kR
LU 21 IR CTH - 7. FITxFL, 320 MeV jxZ A %
> ®D5Gy £ 100 MeV N1 7 A4 %~ D10 Gy lEgF T

HREHLELIZ X ) & 27 OF% DNA

100
)
< 80l
Q
©
c 60
S
§ 40]
=
5
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0 . : . .
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Dose (Gy)
Fig.12. Effect of ion beam and gamma ray irradiation on

regeneration in chrysanthemum.

(O: 220 MeV carbon ion beam; @: 320 MeV carbon ion
beam; A: 100 MeV helium ion beam; A: gamma rays;
Vertical bars indicate SE (z = 4 for 220 and 320 MeV
carbon ion beams and 100 MeV helium ion beam; # = 5 for
gamma rays).

T FIMEIZ 0.96 T, 0.97 LT & Zozfftoiiien
TN MEEL L1k TH o7z, T LI, 320
MeV 3 A 4 > & 100 MeV N 7 A 4 % >~ D% DNA
WICRITTREE, 220 MeV KFEAF &~ &
URWNEY/Sep

3) % DNAEELHEPDKZE

220 MeV jREA > & H <RI X Y 15
HEMIZ BT A5 DNA = & #ER & ORIC
HY (220 MeV ez A 4+ >~

Sz
3A B AR A
s r=0.472%*% U<y

=0.427*%), #DNABLDL L b L #ERERF -
7z (Fig. 14) . ZER L ERIITAE LM (r=0.915*)
otz (F—=FW) T e, % DNA=NED L7

FEM DIEIZ/N SN EATRE N,
DEFEIEH% DNA = & OMICAHEZ M (r=0.608**)
o7z, 220 MeV jFEA F > T REBEO MDA S
N7z (r=0.290). #% DNA & & EFOEEE OEKRD
& 121, 220 MeV jREZA T v &< fie THER
HENHHNTz (£=2.432, P<0.05).

AT, fBF

4) EREE

4ﬁ>E—Atﬁy7ﬁ®W%T,%%ﬁ§ﬁ%<&

(o CTAEf A A 1R 22 o 72 (Fig. 15).
220 MeV 320 MeV 100 MeV Gamma Non
carbon ion carbon ion helium ion rays irradiation
T 102 beam beam beam
E ——
=
8 100{- - ) . _— Q
% 0.98 E % EI % H
'_g 0.96 { H - - H
2 084 1 L
2 ) -
£ o092
# 090
1 2 3 2 3 5 2 5 10 10 20 30
Dose (Gy)
Fig.13. Effect of ion beam and gamma ray irradiation on

nuclear DNA content in chrysanthemum.

The bottom and top of the box represent the 25" and 75"
percentile, respectively. The band in the box represents
the median. The ends of the whiskers represent the
10™ and 90™ percentile, respectively. Dots plotted inside
the box represent the average data. Relative nuclear
DNA content is expressed as the ratio of the nuclear
DNA content of the investigated plants divided by that
of the non-cultured control plants. Data shown in “Non
irradiation” were taken from the regenerated plants from
non-irradiated leaf explants.
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ERBE 215 OB R, 220 MeV jkFE A
F v, 320 MeV k%A 4 >, 100 MeV NV 7 A A oF >,
HY<BONEICKEP-72. 2D X512, LET 25 <
BT, WY ESZ) OLREEIIEL ko
7o ek, REBRCTHSHEICBITAIERERDH
IRZESRIZBDOHEL, 0.6% TH o 72 (Yamaguchi et al.,
2008) .

AF Y=L E N Y IRMOERFRENR T BT 572
O, EEBE L FsEE (Fig. 16), B X UEREE &
¥ DNA & (Fig. 17) L oBfRzZ#A L. Fofbsz
Fd L UGAI, A% Y E— DK DRI LT
TREDEWETICH -7, —J, I DNARZ L
L728A121F, 220 MeV jkF A 4+ >, 320 MeV jxF# A
Ty, BEIOT Uy YRICE 2ERFEIFRBEECH- 72
25, 100 MeVAY 7 LA 4 »Tl, Zho LN Eh o7z,

5) EBZEREIANY MV

ey 7 CTharmfE KV 256 11HEEOEL
ZREDPHZOL N, ZNENOE% Table 1 IR L7z
AF Y E—LBHbVIEH VB TETHEN-ERIT A
Motz Fio, REERTIE, HBBEXTES NI
WIERMEDD A o 1272 OFEHBII T E Do 72
B, FALOEROMMBEE SN R WEEZ bR

z ¥

S

ZEREHFERN R & B X B EE TdH %8 DNA & D,

120 4 Leaf

110 {
100 =" .

Length of leaf (mm)

0.98 1.00 1.02

Relative nuclear DNA content

MRREEICIEX, SO T =A< e DRI
FERHESNTz MR T, BRI L% DNA &0
& DRIRIZ D EN DD o 72

¥ DNA = A8 L T Wit Rmkd Ao hi:
(F—%Wg) Z &id, # DNAEOBLHIEMETR L
HTHWIERRL TS, F 7128V DNAED
WAL, et B L RRRICAEE DA E A A H 5 Z &
POEEFLL ARV, 5T, ¥7ORRERFREIZBW
T, ZEBFEDE L, 1% DNABNOFEDN/NS W
WP LEE LW, o2 ehb, 220 MeV KEZA 4+~
IAREBRCTH 72 3HEDA 4 v E— 2O Tldi b
LT/, 220 MeV ik A 4+ 212 X 8B I, fib
DA F RN L F% (Fig. 15, Fig. 16, Fig. 17)
T, —F, R E %o T L% DNA =i
FEIZ/NE 2o 72 (Fig. 13) . ZAUZA LT, 100 MeV
U A4 TlE, W E2 S %5 £ 1% DNA &1
WA L2 b DD, ZEEBEEIIMOA F o il
NRCEL D hRpofz, TV <ITEFEE DR R
oo, BN X BEEN DL VEREK LR 720121
WL TWwWbEEZ2 5N (Fig. 17).

K FEEE Tk, LET 75 76 keV-um® @ 320 MeV j# &
4 F UDPEBERFER IR IDENTH - 72 (Fig.
15, Fig. 16). —7, A R IIBWVTERELEROFREIC
12 LET 7% 9 keV-pm™ @ 100 MeV N1 7 & £ F > D3
LRI TH o 72 (Yamaguchi et al., 2009). Kazama 5
(2008a) (%, ZRFHEMHREIAF VL Z20TIES
, LETICX A2 ZMELTWAE. £ThWwz, Th

‘E"" 150 Inﬂorescence
E .
g 140
c
8 130
o
[=]
E 120
S q10].-".
5
. .

2 100
8
(]

90 .

094 096 098 1.00 1.02

Relative nuclear DNA content

Fig.14. Relationship between nuclear DNA content and length of leaf, diameter of inflorescence in chrysanthemum.
O, solid line: 220 MeV carbon ion beam, leaf; y = — 171 + 259x, » = 0.472** inflorescence; y = 30.3 + 94.1x, » = 0.290; A dotted line:
gamma rays, leaf; y = — 146 + 235x, r = 0.427 **, inflorescence; y = — 167 + 292x, » = 0.608 **; X : control plant, **: Significant at 1 %

level.
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TNOFERIZ KL D ERFFRNEDS R D B A 4 DS
B o/z0ld, A+ YOfBEIZLLDTIE% L, LET
WX BUREEDSRH L. v uf XFAF 5 H7zEERT,
M, RIC BT 2 7V € EREOF I F L LET A
30 keV-pm” TH b &> - 72 (Kazama et al., 2008a). Ht-
T, BRFH HE R LET &, MYOREEIC L > T
%5 W REMED D B

FLWERE 2L, kb TEERF L TER
ARG MVHRRL D EPHIFING. h—A—Ta v
(Okamura et al., 2003) %% 7 (Nagatomi et al., 1998b)
T, Ty ~BTIIES N Do BB ERKD A +
V—AlZ&oTHONAZEPHESIRTVE. Fh
2oL, 43T, A4+ E—AICL)ERINI-ERG
FERD3IODI AT (TVESF, FH2 ¥, YYFg
) OMIHIBEEE IS B EFAETH Y (Fig 9,
Fig. 10), A A v ¥ —a b H oy~ DMIcETAS N
otz REBRIIBOWTIE, A+ E—28BRY, b
B\VIIH R EIR RN A RAIBE ST, £, &
EBZR O 2 MBBHEIZ S B D ozl L
b, A =L EDETARY PIVITEN
FewnweEZ N
KFEERZBWTIX, Nagatomi &5 (1998b) &R L ¥~
R 2RO »0bET, A4 - 04
LIS BRI S N A - 72, Nagatomi & (2000) 13,
RO H W OSEEIC L o TR

o M Ho

N

e 15

)

=
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Fig.15. Effect of ion beam and gamma ray irradiation on
frequency of flower color mutations in chrysanthemum.
(O: 220 MeV carbon ion beam; @: 320 MeV carbon ion
beam; A: 100 MeV helium ion beam; A: gamma rays.

PBEDII)DEPo 2 LR L, FOEK
I GT 2 BETICBIT A EERFEIEIT &
L REME #2817 T\ 5. Nagatomi & (1998b)

EIRBS AR AR 2 v, REBRTIRFEZE-/22 &

g 15 -
=
(&
®
S 10 1
o
2
N
5
£ s
=
=
0 . : . : ,
0 20 40 60 80 100

Regeneration rate (%)

Fig.16. Relationship between regeneration rate and frequency
of flower color mutations in chrysanthemum.
(O: 220 MeV carbon ion beam, y = 15.7 — 0.110x, » =
—0.986 *; @: 320 MeV carbon ion beam, y = 28.3 —
0.249x, r = —0.965*; 2: 100 MeV helium ion beam, y =
16.0 — 0.161x, r = —0.998**; A: gamma rays, y = 11.3
— 0.0975x, r = —0.945. *and** Significant at 5% and 1%
levels, respectively.
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Fig.17. Relationship between nuclear DNA content and
frequency of flower color mutations in chrysanthemum.
O: 220 MeV carbon ion beam, y = 900 — 914x, » =
—0.997*; @: 320 MeV carbon ion beam, y = 572 — 581x,
r=—0.875; 2A: 100 MeV helium ion beam, y = 187 — 188z,
r=—0.995; A: gamma rays, y = 196 — 194x, r= —0.996.
* Significant at 5% level.
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Table 1. Type and number of flower color mutants induced by ion beam and gamma ray irradiation.

No. of flower color mutants

Dose No. of plant

Radiation . . Rather . Pale Pale
(Gy)  investigated Pi?llli pale Dierflg White Pxﬁi.lltSh Yellow Pﬁlf;v Orange Il?eep pink/ yellow/ Other
P pink p € yetlo Orange - ojjow* yellow”

220 MeV 5 159 5 0 0 5 2 0 2 6 0 0 3 0
carbonionbeam 3 337 9 5 0 4 3 0 1 6 2 0 2 0
2 354 11 1 0 5 4 0 1 4 1 0 2 0
1 330 1 2 0 5 2 0 1 4 1 0 0 0
320 MeV 5 239 10 1 2 2 6 0 7 10 0 1 0 0
carbonionbeam 3 320 7 0 1 3 2 0 3 1 6 0 0 0
2 287 7 1 1 1 0 0 4 5 1 0 0 0
1 268 1 0 0 0 0 0 2 0 3 0 0 0
100 MeV 15 138 6 3 0 1 2 0 1 2 1 0 0 1
helium ion beam 10 225 2 1 0 6 1 1 0 2 1 0 0 0
5 291 2 0 0 0 0 0 0 3 0 0 0 0
2 275 2 0 0 0 0 0 0 1 0 0 0 0
Gamma rays 40 128 3 1 1 1 0 0 0 1 4 0 1 0
30 184 3 0 1 1 2 0 1 5 0 0 0 0
20 244 4 1 0 2 0 0 0 3 0 0 3 0
10 399 6 0 0 2 1 0 2 2 0 0 2 0
Non irradiation 937 2 0 0 0 0 0 0 0 0 1 2 1

% color of outer ray floret/color of inner ray floret. The flower color of original cultivar ‘Taihei  is pink. Data shown in “Non irradiation” were taken from

the regenerated plants from non-irradiated leaf explants.

B, REBRTA A v ¥ — ZERN O EREIE O
Lo l2HHA S Lz,

¥ 7 TIREOAB O LY RO K E SIS
HDHIEDNHE EINT WS (Dowrick and El-Bayoumi,
1966; Ichikawa et al., 1970) #%, #% DNA =D & L7
DRKE SOBIMRIZ 220 MeV jRFEA 4 v < eT
1357 57 (Fig. 14) 00, Ftfkoid & FERIH
DNA & DRI QA DO R E S EMBEDRA LN
72. Roux & (2003) (&, 7u—4%A b XY =12k 5
¥ DNA mOWIEIL, NFFORRERBEREICBVWTRE
¥EEF LA WRELY b OEREOPERICE# T 572
HH)ELTWE, 7u—HA XY=, FI7IIBV
TR, FREHC & 2 BEEOFFHMC K & 2 FRFTEEE 2
L D AEARDIN S < 72 B TR D & B B OHERE IR
TE5LEILND.

AF = HITERNERBHICB I 2ERFE L LA
CEDLNTETWS, AL, TORBIZOWT, itk
AVONTELT v @I 28510 7%
W Stk AR TOA F v B — L Bl 729K
REMEZ BT, ZOREPHS SN 2 LA
N5,

EI3E NFILBTBIACE-LICLDR

ZEIRAEEEML, (EW O sty B E R 2 5d 2 R
LCT&THBY, TNFTICHFRFT3,100 2tz 52254
ZREFESER SN Tn G, BRFRIIE, —HkICHT >
TP XBAELNTE 2, A+ Y E—aldEHuilT
ANVF—4H5 (LET) AL, £WFisRit (RBE)
HE., FNWR, AT E—LDERFERIEIT >
YRR XMETRLLEZZON, HLWEARKFELE L
THIfFE N T 5,

A+ - LOERFERMHRIE, ol XF XS
(Hirono et al., 1970) %1 # (Meietal., 1994) THA &
NTBY, A+ =L 3T e XBEY LEVE
RFRNRD DD Z LI NTnE, 5612, v
A XFRAFTIE, HEIZBIT2OENELTRA (Tanaka
et al., 1997b), UVB #1424 %K (Tanaka et al. 2002),
7 V) IVIEAETE DOZEEAA (Hase et al,, 2000) 235 5 LT
L. EHICF T, TUy=HTidmontnizuniit
ERAEDHE ST b (Nagatomi et al., 1998b). it
LOMRIL, A+ E— L PERFEE L CIERICERT
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HHZERRLTND,
ZESRAREEML, EW O BT R, RIS SRR EE AR
WO RIZH R 2 T TH DA, EREFE Gl $
57201201, FATHEOMENH L. YHRLZH#Y
W, F AT RN L CReLRmR 2 il 57
DIZERT, L DWW THbRTEz Ty~
X ARG X DRI S N5 { OZRER N TRL, RS
BRI RL 280 R HEIC L D ERIN TS,
ZFITREBRTIE, A1+ E— 2B RL 24
REDETHE L BRI %N T ORIZE~D RS
Tildr, 14— 2OERFRDREZ AL

MHRE L OHE

NGO ALY - a3z’ B Ly
F- =% 2MEle BEHEECIDERLTY
LI DFEE 1 FTOU ) 50F, WFEr Lz L)
IZLC, 6em ¥ v — LPIZHEL L 72 2 mg-L' BA, 0.01
mg-L'NAA, 2% 227 0 — 25 X180.9% %K %2R
L7 MS#:4 (pH5.8) I[ZHEAATIF 72, #n b2, H
AR - 70 W 92 BH 56 B A v I = 10 B BF 22 BT © AVF 4
470 kv &R, 100 MeV Y 7 A A% > (LET
9keV-ym') B X 08220 MeV j¢ % 1 + >~ (LET 107
keV-um™) % Table 2 ~ 4, 3 X OF Figure 18 |271% L 7=
M CHEGY L7z, HUHR, U S72338 L iR S
BAL, 27HBICAEFEREZFEL .

LY 2— ML, 2~320MFEP AL L) ES
10 3F, FrLWEHICHEZ 72 2512, 2o
RBLCEYa— M2 FABEOFETY Y 5, W
72, ENHOENS Y 2 — FMER, RS, JEL
LT12em Ay NIz, BREANTEE L. 20k
HFL72ZORMFELSME L2V 2 — MIBAEL 7246
WHERET D20, ZOUEHPSIERDYVREL, *
ORBEPSME L2y 2— MIBIF AL E 2k L
7z,

BRELVEE

Figure 18 [ZIZF 2% 3 2 BRGSASAEAF 1T KT 3 5028
ALz, Ly R 2 =F XTS5 100 MeV AN T 4
A A Tid, BEED R 225120 > THEFRITE
T L7 100 Gy £ TORGERTH - 727%, 50% HIE
@5 (IDy) 349 200Gy LM SN ALy -1
FIZ BV TR, HHEHEIE L 25120

THHEFRIFET L2, LDy 1350 ~ 75 Gy &Ml S h
72 AL rY oIz ST 5 220 MeV ikE A A
YHSHC BT H AN X D ARSI L7z, B
Ml & AR L OBRIEBIE T 2 h o 72, TAE 220
MeV i3z A 4 ¥ Tld 100 MeV ) o A A4 F > L0 B¢
AT, WEOPDFITBWTIEAF Y E— A
=y MR BHICETEL CW R o270, B
HHEEZEC LTOHAEFICH 2 TN ToOMEERTICE
LMo/l lilibEEZLNT.

Ly R I=F T A 100 MeV AN T AL Ty
HECIE, BTSNz 61FD) 5, 10 FIHKT 2 1H
RIZZERDPBIESN (Table2). FL ¥y - a¥3
=TI, 56FDH L, 9FICHEKT DML RS

BiEE s (Table3). ‘Lv K - I=%F 1283520
~40Gy OIS, ALY -m¥FIZ 12T A 10 ~

30 Gy DRRGS TIIAEAFERAND B  dp o 7208, BRI

100 -W
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0 50 100 150 200
Dose (Gy)

Fig.18. Influence of ion beam irradiation to axillary buds on
survival in rose.
(A) 100 MeV helium ion irradiation to ‘Red Minimo.’
(B) 100 MeV helium ion irradiation to ‘Orange Rosamini.’
(C) 220 MeV carbon ion irradiation to ‘Orange Rosamini.’



66 & S WFZETT I FE S

§12

N/,
FLryY a1 A 220 MeV kFEA A v

HEGSTUE, 88D H b 12 FITHIK T 2 R ICA A
LN/ (Table4). 100 MeVA~\Y 7 A A F > OH L
FERIC, BOWBEZT TR, BRI L AL EE
L7\ 5 Gy FREDOWE THERITFE SN
SR APNOY Y i N QN b AN (i S (A
RESLERIIBWTEENFHEIN, fBAIZBNT
1, B o TEREI G LN LL, £rb
EFHHT LI BR FT AT 1 v 7 BERIBIRIN

MM EA VA E T AT ZENMEL, EaZ RN
5 N2 78, AR a2 & o TISAHARES 2 AN L v
HHVIIHEEETH L. FIUTHL, WINRELIZK S HE
IR A RVEICERTRECH . Tz, ZOhEx
AWDBZETAF = 2DFFIC & 5 2RERBRED
B RT 2 £ E 2 5.

BRI L BEREREFRTIX, 40% ~ 60% VI
WICELMEDVEF O H%Z L ENT X7 (van Harten,
1998). REEBRTIEN Y ~YfirHvTwiwnid, fF
YE—LETURBEOHBIITELRVY, /4 E—

Loz,

WS TFEEDMAGEDLEIILY, BREIEF TS

BEAEPEE TS,

REBRIZBNT, A4 E—2MBE LR L Z#Y
7 FRNRIT B EFRLL LR HDEL

Table 2. Effects of 100 MeV helium ion irradiation to axillary buds of ‘Red Minimo' on the induction of mutation.

ATIFAEMFITEE L 2w E ) RERWEETHOEWHEHET
CORERIL, A F U E—LADER

No. of No. of buds
Dose (Gy) irradiated buds induced mutants Phenotypes of mutants
40 6 2 Smaller flower size, larger petal number
30 15 4 Fewer petal number, larger petal number, smaller flower size,
light flower color

20 11 4 Smaller flower size (2), light flower color, fewer petal number
10 14 0

5 15 0

Table 3. Effects of 100 MeV helium ion irradiation to axillary buds of ‘Orange Rosamini  on the induction of mutation.

No. of No. of buds
Dose (Gy) irradiated buds  induced mutants Phenotypes of mutants
30 9 2 Intense flower color, fewer petal number
20 17 5 Flower shape, smaller flower size (2), petal shape, fewer petal
number
10 18 2 Petal shape, light flower color
5 12 0

Table 4. Effects of 220 MeV carbon ion irradiation to axillary buds of ‘Orange Rosamini’ on the induction of mutation.

No. of No. of buds
Dose (Gy) irradiated buds induced mutants Phenotypes of mutants
100 7 2 Intense flower color, flower shape
70 10 1 Flower shape
50 12 0
40 11 1 Fewer petal number
30 11 0
20 10 0
10 10 1 Smaller flower size
5 17 7 Bigger flower size, fewer petal number(4), light flower color,

reddish flower color
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¥ 7T, A4 v E— Mg E ST B hE F U= 4Tk, ARMMMEREOME (XREs 5 —)

ZED, A F = AR LB ERE /R L
A 2T b (Nagatomi et al.,, 1998b). = 1LiZxt
L, REBRTIEINTI AT 1 v 7 HERIIBE SN Lo
72, ZOEWDPHCWIZTEIZL 000D, H5H ik
INTEX 7 L) REMFEDENZ L D DONTH S TR
V. BB ENIEROEOIL S IIERFOWRE L CE
HThHY), SOLRIAENLETH .

FA4E FIVDOREFICHTHIA 4 E—LEE
HOZTEZRIR, BLUEHRIH
EZERFICHE T DX X SEBEDHENR

AV E—LEEVLIET2H L, Uy ~Ho L)%
i LET JU#E & e L TR AR R %277 9 (Fujii et
al., 1966; Hirono et al., 1970; Mei et al., 1994; Tanaka et al.,
1997a). CO LI mE DL, A F X E—LAITHT V<
WCHARTEWEREPFEIN T D, £72, T~
AEBT DWEIH L AN F— % F 12522 DI
L. A3 Y= ATIERAISES T AV F = 2454
LIEW, AFVE—LDH)VEODREHTH L. &
DEH)RBENICLY, A F V=L LT UL TN
P32 AL o THELZMEICRERELH D &
EZbND.

BT oEmKE3o0B, Thabb, FHElr
5L LIIB XL %25 7% 4% (qtd. in Broertjes and
van Harten, 1988). 7 > < #i & ZETH - 2RI B ET3 5
&, —HEIS, HE—DODORBIEZTVERL, TOMONE
BRSO BT TH 5 FiEF 2 7 OZEREKDIHES
% (Bowen, 1965; Langton, 1980). & 512, 44 T
13, BEHZOREEEICBWTEED LW IEZ0MHEn
ML O, L WEEPHATLIHLRE SN TN S
(Miksche et al., 1962). ') > IR EETI, ﬁyvﬁ%
FHI X W KRE RS A=V %21, SFEMRATE A 7235
b“f,HL@&%@Ot¢ﬂ@ﬂ@#%W@@ﬁ@ﬁ
HAEESNDL ZEDPBEINTWS (Lapins and Hough,
1970). £72, 2O L) ZERGHC X 2R v, T
RO PEIMEORGII L YV RE LR Y s ¥ — %215
T, FUrFa Vv TRERPERLIZY2— R, b
T RTIEF AT TRVWREENESLN TS (Yamakawa
and Sekiguchi, 1968).

A4 =AML, EHSZMAROBEMLO ) 5
PRDOAN I Tﬁ‘iﬁttl REIZT 570D HEE L
T, WIS AMTHLLEZLN, 2612, 1

+

MREEBZTIKRL, E2%E
WHDHHL LNk,

F IO DENOBEN RS TH D L b, 225
BRLF XA IEEOREDOI-OIENIMETHL. *
7 OJEF A 7 OfEZEREE, LI O/ 78 LI E
R LI J& & 13 E a5 7% %5 (Bowen, 1965; Langton,
1980). #RIX LII JE o A IZH £ 3 % (qtd. in Broertjes
and van Harten, 1988) = &5, LIl JE Oz EIIAR
MRS L TR S N OfE ) S HIrd 5 2 LA
T&EL., ThWz, BREPEZEF 2T THIH, E&
BRARTH B 0%, TTOERMEOILE & ZORITHIRT
LY OIEE 2 T 52 L THRETE .

REERTIX, F7 O 5BENC L BLERFEHR
MEEA T E—DET B ETHELE, S512,
Z ML HR OO ILKR DT I BT 54 4 v E— 24

FAEDPFOND &) BRR

Nk

LA YRR DERERIT D720, HHNERED
¥ A T k% WA L7,
MEBELVEE

1) HEHME
¥ R
A L7,

(Chrysanthemum morifolium) % it

2) BHLVEEEEFOMEL
R THERL T 2EME2LSREL M &, %
oWy g, FEIEMES EEm LI
6cem v — LNICFRSL L 72 0.9% F8 KB B 127z,
TN %, HARREF )0 SEbEAE o 0 = 1o ik ge
Fro AVE 44 71 b1 v % fwC, 220 MeV k%A +
~ (LET 107 keV-ym") #% l5H#5&E 1,2,4,8 BL U 16
Gy T, 100 MeV ~1V 7 5 A % >~ (LET 9 keV-ym"') %
5,10,15 B X020 Gy THRSF L 720 o i, B4
W ERR eI R E RS <, 1M H 720 10 Gy O
BT, BEHEE 10, 20, 40, 80 35 £ 107200 Gy THS L
720 BTSN, 1% A7 —ABL0.9% EXR
ZUNINL7- MS Bi i (pH 5.8) 12% L7-. BB 60 H %I
BHGHLEE B 72 1) 40 FER T RICAEFEL R L2
220 MeV A 4 > @ 2 Gy l5F, 100 MeV ~ 1) 77 4
4ﬁy@5ﬁiwunw%%,ﬁy7ﬁ®&MW%%f
H’E’-%ﬂ‘bf:%#%ﬁﬂ% L7zva— Mo »S 53¢ F
—Hi O 5T, Rk & FARORHICE 2. #
0)%%, FNSDFENPSLMELY 2— MOV, i
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Mo 5FELTe—HI$ 20 o1, Fidk & [EROR#IZ
BEya— b 2MESER DEOFEICLD, i
N0 EDDIEDPLIRK 25 RO 2 /E L, Ra
ENEIFICTHRT LR T AESICHE ZF, fef
AL 72

P53 THER L2 D ) 500 LD TH bR
PN G, BRLRKE L, EREEE, H
FLIRARBUT T L2ERLZRMOEE L LTRD
7z,

SYEESREENX, YD o TR L 7oA 10 fEAR DL &
AT &R ER RIS, AL R 5106
LBRAEBOHEEG L L RO, Aeafizs 2 7 ofik
IEFEE L CTilko 72, S OF ARkt ES Table 5
R L7z,

3) RH» 5 OEMLEHDOI/EEH

W2 o OB\ AW IZRO L) I LTER LA 3
mbbt, CEEREKOBEED ZERL, TORE
0.2 mg-L"' 2, 4-dichlorophenoxyacetic acid (2,4-D), 2
mg-L' BA, 3% A7 0— A5 X 050.9%ERERNL 72
MS 55 (pH 5.8) IZER L7z, 2o 3AME%RIZ, Fh
5%0.1mg'L'2,4D, 2mg'L"BA, 3% A7 0—2H
L U80.9% FER % 7L 72 MS E5 3 (pH 5.8) 1= B4 L 7-.
o e, NEfbtk, P IZERE LaREs L7z,

S

220 MeV & A 4~ D 2 Gy ST ClE TR CTOIEHD A
L, TRUEICHEZE T2 EEFRIIET LA
(Fig. 19). L7 L, 16 Gy Tb 156% DEHFEREZ R L.
100 MeV ANV 7 4 £ F D5 Gy B & V10 Gy FRE Tl
FEOEIFIE L 2 h o725, 20 Gy TIETXTOHE)N
WFE L7z, 72 <o 40 Gy FREFCIE T _RC oD AAF
L., 80 Gy TIZ80% DAFFHE /R L7z, 200 Gy TIZ¥
NTOHFDPHIFE L7z

AR L CTRBEOZELS 5 2 2/, T4abb
220 MeV ji# A 4+ >~ @ 2 Gy, 100 MeV 1) ™7 L A F &~
D10 Gy, /¥ <#D 80 Gy T, FNENDERFEHEW

REWB L2, S612, ZERFEBIIRIZTHEHEOR
W ET 2720, 100 MeV A1) 7 A A 4 > Tld 5 Gy

WZOWTHERFREMREME L. 21 b 400G
MEIZE D, 12.8% ~ 28.8% &\ ) HWHHE TIEEZE
FSHin/z (Table5). 100 MeV 1Y 7 A4 4 > D 5 Gy
& 10 Gy OIS LEL ] Tl A M EOREICL VA E

BRENHR SN, TOMOMAELETIIEE R
Lol

OBy 7 OFME P o, RE Y7, ik
Cry, Yy r, H ErudihorcH, #, RE,
FTLUY, EmAL YV, RO 10 HEOLEEREHE
57z (Table 6) . fEZRDO AT MVIZIE, BEGHL
X BEIIAS N Do 7.

B ERKOSE OG5/ % H 5 L, 220 MeV jkH%
A F 2 TIRTEERDT 0% ~ 19% & 100% 124 < D RHEA
AL, EAUIK L, 758k AS 40% ~ 59% O AL 7 2 o
7z (Fig. 20). 100 MeV ~\1) 7 4 A F » @ 10 Gy FgC
(&, EERAT 0% ~ 19% & 100% 125 < DRFEATA S
30% ~ 99% DB L O RALIE D % 2o 72, 100 MeV N
VALK D5 Gy BETIE, 0%~29% 124 < D%
HasoAi L, 30% ~ 100% D53 HEL ORI 7 b o 72
=TI, EELAT 100% O RAFEDOEAFFIZE L,
40% ~ 59% DRKIE otz TDXHIT, LfkEL
T 0%~ 29% & 100% D HEL 2 IR § R E Hr o 7z

100
80 220 MeV carbon

60 ion beam

40
20

0 5 10 15 20
100 &
80
60
40
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Q
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Survival rate (%)
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80
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Gamma rays
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Fig.19. Effect of ion beam and gamma ray irradiation on
survival of lateral buds of chrysanthemum.
Survival rate was examined using 40 buds per treatment.
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TEOEFRDF X THEE L RS 5720, BERAEOLE
o L EFARORICHR T 2 Ofefx i 5 2 L 12
L0, LIJE& LI EEOMB O BT IO AT
220 MeV RFE A F+ Y IREIC X ) FR SN fEmERAE
T, FATHEZRTLZ9RMDH b5AMT, &
FAROEM & BERAEORIZHk T W) D L@ A5 LT
&7z (Table 7). [FEROZEMAEDS, 100 MeV N1 7 4
44 D10 Gy B TIX 9 /MDD I B 1 RH, 100 MeV
NY T AAF D5 Gy B TIE7 RED ) 6 3R T
Blgan, 2L, Hr<BIick)SRansit
BARKTIE, TRTORMCTER GO L ERED
WRICHET 2P OBIER R 7. Thbb, L
7210 R D D B 8 R/ T, ERADOBIZHHRT LA
OFEEILE M K LREUER (Er2) THY
2R TIIERKDOIE, HEHVIE KF ofifm ik
B LB THo7., AR LIRHECHT 2, BRICH
K3 DY O EREKOIM L U Th L RHE
DI, 220 MeV e A+ > & 100 MeV 1) 7 4 A
+ 5 Gy O T, B~ IVEEIE»-7
(Fisher 58, P<0.05).

z %

KRFEBRTIE, MVHETREOZLIHE SN 2
DL RECHETOZLIE, HiET 27 ORI wv
T, WIEBO LI @ OMGEAY L g % i 2 CRmICEHN S
ZETHRLENLZEDDH D (Broertjes and van Harten,
1988). L2°L, REBRTASNZEILIE, Kx 2fbtn
NOETH D L, REBRIIBI LEBOELIE
ZERBERIZL L DTH 5.

W THER SN T RTCOEREKE, ZREDOLE
fo EBRICHER T 2R OACL DS F R D), Z OGRS E
X AT LR SN, UL, A E—A12&
DO NTZERKDON L OPE, BREOIEME &R
Hsk s 2 OEBASF L TH Y, FhbIdeeZERE
ThHhHLIEHPREBEEINT, ZOLHIZ, AF =42
Lo TRITBEMR 72ERYL 7 ¥ —DILRDPA LN

TEERMKIIA 4 Y E— 2 BEIC L > TORB NI,
L2 L, BHEEAOFEENITITF CHE TR L7254
W2, A F Yy E—n b IR RF RS R %

Table 5. Effect of ion beam and gamma ray irradiation to lateral buds of
chrysanthemum on flower color mutation.

Radiation Dose (Gy) Mutation frequency (%)
220 MeV carbon ion beam 17.4 (37/213)
100 MeV helium ion beam 28.8 (32/111)
100 MeV helium ion beam 12.8 (16/125)

Gamma rays

22.5(34/151)

Number of mutated strains in flower color (A) and number of investigated strains (B) are
shown in parenthesis as (A/B). The strains from which at least one mutated plant emerged
in the progenies were counted as a mutated strain.

Table 6. Type and number of flower color mutants induced by ion beam and gamma ray irradiation to lateral buds of

chrysanthemum.
No. of flower color mutants
Dose No. of
Radiation investigated Rather s
(Gy) Pale Deep .. Pinkish Pale Deep
plant pink p:ﬂe pink White white Yellow yellow Orange orange Red

220 MeV carbon ion beam 2 213 11 3 2 5 5 4 1
100 MeV helium ion beam 10 111 1 - 6 8 7 3 -
100 MeV helium ion beam 5 125 5 1 1 - - 4 2
Gamma rays 80 151 11 - 5 1 7 6 2
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W W12

IRL72 EoT, BEERRPAF L E-LIZEoTD
ARELENTTEIE, A4 Y E— ADEYFNROE
SR TEHATE R, 512, 100 MeV Y 7 4
A TlE, 100Gy BEZT TR, Tk AR
FEDMEA - 72 5 Gy RS C b @B REMI B O N TV D

ZTNW R, FTELEFARDPEONTZERIL, RIKNEROFH
FELIIRLLERIIL DL EEZ LN
SEAAERMIL, DL ODEREMIBICHET 51X 5 F 2

T ORE2S, 2HOYNFELIZEL S F X T HRHE OB
WX, BREGPIERA LS LIS VRS %
ZAoN. toT, A FrE—n& T o<l Tid, %
Eﬁ%ﬁﬁbbwTETT%ﬁ%ﬁ%4&<¢%l7&

MROFHEE, BEL V) TIZBWGERDYH L L bR
oo AF Y E— LI ORS L7 H#FHIZ 721 DNA 185
% 5.z (Yang and Tobias, 1979), 7»>, JEF 127w
15 1 220 MeV carbon ion beam
10 2Gy
: JI...-_-_-.-.L
04
15 4 100 MeV helium ion beam
w 101 10 Gy
£
2 °
2 7
O 15, 100 MeV helium ion beam
g 10 S8y
5
oL Hml . .
15 4 Gamma rays
10 80 Gy
54
o XS qugb oD 1O Q(OQ/\%%Q%Q
WP FETSTS
Segregation ratio (%)
Fig.20. Distribution of segregation ratio of flower color

mutant with ion beam and gamma ray irradiation to
lateral buds of chrysanthemum.

The segregation ratio was determined as the ratio of
the number of flower color mutants to the number of
investigated plants using the strain in which the flower
color of more than ten plants was investigated.

BOAF RO % @3 % (Tanaka, 1999). =
DE)BAF Y E—LORBUZ LY, A4 E— LG
2 & o TR ST 5 4 X — DI, ZETH 2R = 17
Ky HMEE CREREBNEH L EEZ LN Thb
L, BRI Y A — U &%) 220G ISR 2
FA=TDINEN, HDHVIEYT A — DD % WHlIIZ AT
?5 ZORER, VEOMBL7Z T A E &R A RN R D
REMEAY V. FAUS LT, < F 1

TEJ% % 5.2 % (Yang and Tobias, 1979). Z D7z &, M
JOM CHREHI X DEEICBIT L ENTITEAERL, b

BOMBLD ARHELE L T BIRVEIC 72 5 TTREMEIZ K.
6T, A4 RTIE, WENTIEE 2EHNICHRD T
HOWIANVF-ZYHEIZG R, ZOME T, b
BOMBOARDPEL L TWLZREICTLZ L1, KD
WP TH L EEDND. 220 MeV KFEA + » & Ei
wECHRIFLTD, I XRCOMEFRIEL Lo/, 2D
AL, 220 MeV jikFE A 4 V98, E!ﬁﬁ?é‘hf:%@’)%
®w<0ﬁ>“ THGZHBIE L T nwZ &R
LTWwWh, TOZ &L, 220 MeV jkFzA 4+ > DR
B Ok CoOREI 1 mm) X, FE) 5 ETHS M
WROMEEMIE COERS LIFTHE LV EEZRIBLTE
U,%OMWmﬁfizﬁmi% FCAHS-9 5@
T AN F =73, ZETHG R OMI A5 S 7zl aelk
%%/i%hé. ZUTxF L, 100 MeV N\ 7 A A F >~
® LET 13 220 MeV jik A 4 L0 /&8, F72, &
BRI 6.2 mm Th ) IHEMIE 2 @ 5720, 15
SN ANTF =N E ozl ENE. 2oL
B, EEERMBIEL ORI RA, 220 MeV jkFEA 4 > D
1ZI)H 100 MeVAY 7 A4 L0 bThIicmnit
H2b L, 440 E— 205 BEEZHET S
&), EEREREEFMIELTE LREND
5.
EOERROGHHEDOSAICIE, A+ -k
Wy IBEDBICRKERZET R, FHEHED 0%~
29% B L U°100% 278 L 7R % CHFTE L, SrBEsRE
P350% Hifa & 7~ L 72 RARIE D e WA A LT, G
HIEAH BE 13— AR | R R e B e B L %kifZOwﬁ
JEHIRL D 9 B O & DIZZHRE R & 725 A\ BT
Z50% L7 h. FOXHIBTEND, ﬁﬁﬁ‘f»lo“(ﬁn
JEHIEASTEN, AT B L EEE L R A, Lol
CZNTIE, HIRD X9 % HESEE 50% O RFE a7
STBESEFEEDY 0% ~ 29% & 100% AAEATE W &) 4 BESE
FED AT T & v,
SIBEBERE 0% ~29% L 72 5 D1E, LT L) RHHIC
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Table 7. Comparison of flower color of plants derived from roots of mutants with that of mutants induced with ion
beam and gamma ray irradiation to lateral buds of chrysanthemum.

Flower color

. Dose Suggested
Radiation (Gy) . chimera structure
Mutants Plants derived from roots

220 MeV carbon ion beam 2 #511  Pale pink Pale pink Solid mutant
#513  Deep pink Deep pink Solid mutant
#524  Pale yellow Pale yellow Solid mutant
#531  Deep orange Deep orange Solid mutant
#532  Deep orange Deep orange Solid mutant
#515  Pale pink Pink Periclinal chimera
#520  Wine red Pink Periclinal chimera
#521  Pale pink Pink Periclinal chimera
#601  Pale yellow Pink Periclinal chimera

100 MeV helium ion beam 10  #546  Pale yellow Pale yellow Solid mutant
#574  Deep orange Orange Periclinal chimera
#545  Orange Pink Periclinal chimera
#564  Deep orange Pink Periclinal chimera
#565  Pinkish white Pink Periclinal chimera
#566  Pinkish white Pink Periclinal chimera
#568  Orange Pink Periclinal chimera
#571  Deep orange Pink Periclinal chimera
#572  Pinkish white Pink Periclinal chimera

100 MeV helium ion beam 5 #503  White White Solid mutant
#506  Orange Orange Solid mutant
#537  Deep orange Deep orange Solid mutant
#502  Rather pale pink Pink Periclinal chimera
#507  Orange Pink Periclinal chimera
#510  Orange Pink Periclinal chimera
#519  Pale pink Pink Periclinal chimera

Gamma rays 80  #549  Orange Deep pink Periclinal chimera
#550  Orange Deep orange Periclinal chimera
#557  Rather pale pink Pink Periclinal chimera
#558  Pale yellow Pink Periclinal chimera
#581  Pinkish white Pink Periclinal chimera
#584  Pale pink Pink Periclinal chimera
#585  Orange Pink Periclinal chimera
#587  Pale pink Pink Periclinal chimera
#591  Pale yellow Pink Periclinal chimera
#598  Yellow Pink Periclinal chimera

“: The same flower color as original cultivar ‘Taihei.

LrrEZoN Thbb, £ OMYHET, M3
BB ENTWAE Y 2 — M2, §TIZ2RMEFESTE
TWAHIZEPHMBNTWA., RFERTIE, B SnH
FhoMELLZY 22— EOEEI LG L 7252502
KBZFZ 0 53F, BREERLZ 205209 650
O EDIZRRAERDTE X T2 aI121E, 4 HESEREE 20%
PSR L. W, THEEZ 0% ~ 29% 13, 2K
HEFICRRERNRE -2 LIZL20DEEZLNS.

=, HESEE 100% & 7 A 7-0121E, 2 RAIZFO LT
@D aMas, & ODOERMED LR SN TR L0
Bhd b, o T, SrHEHEE 100% 2R L7oRbiE, M
FOMGEIZIE 2 RBZFEDFE 720 L TB 5T, AT,
H2FE o LL g OBEMBEA O LD, &5 nIdPHo
T2 REMED D 5 .

Yamakawa - Sekiguchi (1968) &% > Fa v & b
b EHWZIET, SEBEEEHAE TS LICK )RR
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Y75 —DIRE R —F, REBRTHW¥27 T
1, (B OSEEEE E 2 KEZED L DREE O 8
RZTHIENE, BRY YOS FFHET 5720
DOIBE L LTS T E BEbh7z. 2T, Bowen
(1965) 1377 ¥ < MBS S 7z4f LB o H ¢, THEROH
FRSDY 2 — MIBEXGF AT THY, —F, b
DRFENS DY 2 — MIERERE (Thabb, SHiH
B£100%) TH2H I LxMEL TS, iEoT, F71
BWTC, BRYV Y — DL S R ZERRO B D O 5T
flissZ L3 TERvEM@mIToONT. BELL, &
BEAEFE 0% ~ 29% & 2 A D%, 2KMEZFEOSLIZL 5 b
DOTHY, MERLHHBROZ A4 FI2LEL0TIEEWE
EZbNb.

R, R AT OERREERT 2018 L
TWhEEZLNT., F7IZBVWTEHRF AT TH LS
Lld, EERICRR LB TOMAEHLEIZL D4 &
FKHRPYEFCTE LI 00, HAeRERORERER
AR EDL DIZHEH TH % (Broertjes and van Harten,
1988). AEBOMERIE, A+ -0 F <% E
Yoy &2k, 7 ofFE~ORHIZL > TS
BERE L JHfGF 2 7 OERBEOMELFHTELZ L%
RL7:.

F5E XVICEIRHOTBOBHIGE
BLUVBERIRAZTESZHRER
DNA EICRIFTRE

FUE, HATLCEE SN TWRIEETHE. =K
BREFX 7 OFMBIIBWTEELRFEOOLEDTH D,
% { OFEPRABEFETEDS, BIRZHRE RS N F AR
Lo TIEHEN TV 5.

X7 OERFIRICIE, F R XD A b
TWwa, Lo L, WG CIRRRERDPFHE IS
TR, Qe KB & Vo RGN X BREEDSAE D
5. F 7 TlEAH v ~# (Dowrick and El-Bayoumi, 1966;
Ichikawa et al., 1970) < X ## (Dowrick and El-Bayoumi,
1966) 12 & o> T, REEBDWHL Z EHPME SN T
5. ZLTHEEEOWMAIZLY, F7DIEFHI/NE L
2 hHZEDNHE SN TWD (Ichikawa et al,, 1970). %
Wz, HGHZ X 2 REfREom, Bre L72RE
DHRPYUER I NIEREZBEL-OIITEE L B,
itoT, F7IZBVTL, 2D L) IFH L B EED
Do T EPEEN L.

IR X o RS EERIE, A OMGIZ X %

WEIEWE G2 2EELUERZTH L. HEROEE
&, 3FE (Broertijes, 1968; Killion and Constantin, 1971;
Sripichtt et al., 1988), % (Bottino et al., 1975; Killion
and Constantin, 1971; Killion et al., 1971; Yamashita, 1964)
% f& M (Killion and Constantin, 1971; Yamashita, 1964 )
BEZDOWT, ALY THRON TS, £hw
2, FZICBWTOISNC L 2BEIE L TRERDE
BhrobEEZONS.

EEIIZRERICOZE L, HEHEISFR L TH S
BaIllE, SERPEVIT) PERFEMROE N L
7%, 74— b & F (Nishiyama et al., 1966), + 7 ET I
(Mabuchi and Matsumura, 1964) THiEE L Cw5b, &
512, ¥ FR—=17 (Broerties, 1968) %4 J %
2.7 % (Nauman et al., 1975) Tl&, #HEXROPZEILE
METEHE, BHETIEREIVNI W EPBIEINT
W5, F72, Nagatomi 5 (2000) 1%, F7 TCizHo~
BROREIRENZ X o TRIEFRIICERAKIEETE L L %
WELTWD, LAL, F7I2BWTH Y oK
Wi B L OHERDPERFEIRIILTTEEIIONT
RT3 7%\,

HAGTZ X 2 BEE D SR L 22N BAF N RN AT
HEAROPEL, Him &SRO EEM I T 21500,
X7 OFRERBFHEICBWTHEHTH L. REFTIIL
BIRAR L MGFIC L 2BEDOIREL L T DNA &
WZRNET T < HoORGHES L OHERORE x>, 1
BB B OM AR DRIZL D FEEHCTHAEL
7z

B LVHE

1) BRSHNIE L AESIEE

1% A 70—, BLU0.9% R Z ML 72 MS B
# (pH 5.8) (Murashige and Skoog, 1962) % fi - Tiifi
LIFICEDHMEREL TV D F 2 K oFERiEYIC, &
S BRI BB O >~ — )V — 4128
WT 0.5 1, 2B X005 Gy-h'! OFERT, HBiE 15,
30 BLU60 Gy DA v~ e HGT L7z, HGF S /-l
WHhHER %10 X 5mm OKE S TYHH L, 100 mL
BOI=ANVE =5 —WIZHE L7 1 mg-L' BA, 0.2
mg-L"NAA, 2% A7 a—2A, BXU0.9% %R %R
L7z MS iy (pH 5.8) IZER L7z, 20 3EHE %I,
Ya— MRS L7290, 100mLAEDO I =N E —
#—PUCHE L7 1mg-L'BA, 0.1mg-L'NAA, 2% %
s70—A, BLU0.9%ERERIL 72 MS K # (pH 5.8)



W A F Y E= L BXOT V<M X H2ERERERICHE T A5 73

(ZRSHE L 72,

FOoEHRIZ, 3~ 7 EEORBEHEY A 5 L 72 150
~ 300 R ZHWCHRAE L. KIREHLHEIL 4 KT -
7o, FoAbERE, B LZ2ZER IS T 5 1AM EO
Ya— bOFEGANALNIEROEEL L TRD.
B LD 72O ORI R, 6 A BEIZHAEL 7.

2) EBRALEER

D EODERMPIZHRT 52— P2 EE L THS
k), DEDOERNPLVDEDDY 22— DAE
YWoEY, Zns5% 100 mLAED I =N )VE — 7 —HIZ
L7219 A 70—, BXU0.9%EREZHML 72
MS B4 (pH 5.8) (Zhix fHiF7z. ZMRte, JE{LL, 6
A 2B LB L7z, 11 A2 & L8 100 ~ 363
TR E RIS, EOERLWAE L. EOEFIEEL,
A L 7RI T 2 B R OB A L L TR 72
ZRMEORBEEREL, SHVMOREL HWTT-
7.

3) ZO—YA b X MU=l L BER

FEDNAmIE7O0—H A b X MY — 2L HEEL .
# 0.5 cm® ® % F 12 1 mL @ gefa i (10 mM Tris, 50
mM sodium citrate, 2 mM MgCl,, 0.1 % (v/v) Triton
X-100, 2 mg-L" 4, 6-diamidino-2-phenylindole) %% T L,
Ty —VL ETHNACHAL 30qum FA O Ay a
TH#%, 70—+ 4 b A—%— (Partec PA, Partec,
THWTHELZ., =¥ Y
(Pisum sativum cv. KB =1 H) % N#HEEE L THW,
HWEME O DNAR L, MO -7 L2y FyoE—
7 OFLER L CTRD2. B b 2HOELHiv, £
NENZ R L HICHE L7, RIS LIFIC LD HE
FLTwax7 2w, FlllEHORYERKE, BX
U9 10 Mo R E 2 &2 1 |SE L 72, A% % DNA
W, AH O DNA & (263 2 3 &M £ O% DNA &
Ok LTH LA WEICIZIRESEB L O ER0K
MAEDLE, BLOEBEIIZL S FESLEY 50 {64k %
vz, oIk, B X M DNA 8O E
H#121%, Hartley %€ 3 & OF Mann-Whitney 7€ % %
e,

Miinster, Germany)

BRBLVEE

FEBRIZH 72 3ROSR (15, 30, B X U60
Gy) I2BWT, Bt sn/YH» SELERICIE, &

TG L AR IVADTER Sz, LA L, AIVARD
DL, R EEIE L 22120 TR T L7z
(Fig. 21) . FOALERANOHEFOZBIIIGTHEIZ L -
THERo Thbb, BEHEEN 15 Gy B LU 60 Gy
T, MEFIZE LZHESMEEORNINS o 72D
L, 30Gy TIIFEHFIZKRE o7z,

e L, SHRESRICB W CREHED 30 Gy
26 60Gy IZE L ol FITIFERITIALON o7z
2, 15Gy 530Gy ICE kb L, FEICEA L
MO HEORSE, P<0.05) (Table 8). ZiuixtlL, A%
B IIMEROEVICL AR LRE R o7 T4
bHH, 15 Gy BETIZ T RTOMER TLEMEEILR L
THho72. 30Gy T, 0.5Gy-h’ & 2Gy-h' TOZLR
BZEIX 1 Gy h! L) ko720 00, £ Mo
BEICE AAEEE I 2,72 FAIZ, 60 Gy BEHZH
W, 0.5Gy-h' & 2Gy-h! COZEMEEIZ 1 Gy-h' &
NYRRLEDo72bDD, HELRET o7, ZhbH
ORERNE, BRI IMERICL 5T, FITHEH
BICL->TIREDLZLZRLTCVA. B, HRERE
S L, BRSO OFER S Tl L 7z 937 Ml ik
THAL7-KE, 0.6% Th o7,

100 1

80 A

60 -

40 |

Regeneration rate (%)

20 1

0 15 30 45 60
Total dose (Gy)

Fig.21. Effects of total dose and dose rate of gamma ray
irradiation on regeneration of explants.
The regeneration rate from non-irradiated leaf explants
was 100%, as estimated from 100 explants. %7: 5 Gy-h™; O:
2Gy-h'; 2:1Gy-h";[1: 0.5 Gy h".
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BHHZ LY, Yy s oFEGE K »5 8
UL E e Z RSS2 (Table 9) . FALHEIZ BT
B EZBERRO MBI D I ORI 247 2 L1
TELpolzh, KEREOMBUHEIEN LR, A
N7 MVIZEE R WEEZEZ B

1% DNA #3277 > ~ i IRg o wB % =217 72 (Fig. 22) .
120.97 ~ 1.03 D#FTH - 729%, W SNz
5 OFGLELRTIE, 0.97 £ /NS WEED D - 7.

ix b WA D K & o 7Bk, 2 Gy-h' T 60 Gy &

BLZZZER 250K THNL, 10%E LTz, &
BEHN2Gy-h' £ 0.5Gy-h I2BWTlix, BYHEs

Table 8. Effects of total dose and dose rate of gamma ray
irradiation on mutation induction.

Total dose Dose rate Frequency of flower

(Gy) (Gy-h") color mutation (%)
0.5 4.6 (15/325)

15 1 5.0 (18/363)
2 4.3 ( 9/210)

0.5 8.9 (22/248)

30 1 12.1 (29/240)
2 9.6 (26/272)

0.5 12.2 (40/326)

60 1 8.4 (22/262)
2 12.0 (12/100)

Number of flower color mutants/number of plants evaluated are shown
in parentheses. The frequency of spontaneous mutation was 0.6%, as
estimated using 937 plants that regenerated from non-irradiated leaf
explants.

B e BICHES T, ¥ DNABOSENIAZICHEML 72
(Hartley #%€, P<0.05) .

Xt DNA RO ED W » 5, X TORE
LEZ LY, EEFEAHIC HBE L CA% DNA =3 A B2
L 72 (Mann-Whitney %€, P<0.01). #EFEN1
Gy-h' & 2Gy-h' Ti, #EH15Gy 205 30 Gy 127 <
7% % L% DNA &= XA Z 1A L7z (Mann-Whitney /%
5E, P<0.05). [ABROMEITA30 Gy 2°5 60 Gy 127 <
ol EIZbASN. FRICHLT, 0.5Gy-h' T
iE, 30 Gy Tid 15 Gy & Ik R_RTHEIZA 4 %> 72 (Mann-
Whitney #5€, P<0.05) 7%, 30 Gy & 60 Gy & (%1Z(T
FRLTho7z. 512, 60 Gy TIE, 0.5Gy-h' D,
1Gy-h" 12T DNARIZHE =% D - 72 (Mann-
Whitney #i72, P<0.05). X9 ZiEwvid, MEFHE
w15 Gy & 30 Gy TlEA LN Loz, T DRHR
&, ERE TR LG a b IERL T2 LI2LD,
#% DNA DA REIT/NS R DI EERL TS,

% DNA = Db & 22 S O B 4% % Figure 23 1278
L7z, 2 Gy-h! TORSTIE, #% DNA & OHAIEE L
ZRBEOMIIIEE LBz D o 72, RO,
0.5Gy-h" Tb & 5N/, 0.5Gy-h! Tix, 2Gy-h'»
B L RT, BDNABAFKELHALALTYH, 2
Gy-h' & L RBREOLEREESF 572 1 Gy h'
Tld, 1% DNA ® DA & 2 FHRE O BIFRIZ M Cld %
MolzbDn, FOHEL0.5Gy-h' £ 2Gy-h' &
THALNTZ. TNHDOMERIE, F7 TIHERERTH
YRAEATAZEICLD, BDNAEEKE (S
DL RREREFRTEDLILEREL T
5.

AREBRTHZF 7 R 12BWT, Reffh o

Table 9. Number of flower color mutants resulting from treatment with different total dose and dose rate of gamma rays.

No. of flower color mutants

Total dose  Dose rate No. of plant
1 . . . .
(Gy) (Gy-h™") investigated Rale Rath.er D?ep White Plnk.lsh Pale Orange Deep Other
pink  pale pink  pink white yellow orange

0.5 325 9 0 0 0 0 4 2 0 0

15 1 363 7 0 2 0 0 5 2 0 2
2 210 4 0 0 0 0 3 1 0 1

0.5 248 13 0 0 2 1 4 2 0 0

30 1 240 24 0 0 1 2 1 1 0 0
2 272 10 2 2 1 1 0 10 0 0

0.5 326 23 0 1 0 1 4 10 0 1

60 1 262 11 0 1 0 0 5 3 2 0
2 100 6 0 0 0 1 2 3 0 0

The flower color of original cultivar ‘Taihei’ is pink.



MET s A 2 U= AP XU 2 il & 5 2R RaHiIC S 5 % 75
A L [ARRIZH, DNA S O ARIEIIMEFORE SRED YUNORFOREL/NSLTE LI EDRENT. Th

B, REABELZMHA»H -7 (Fig. 14). o FU
IZBWTH, DNAELEERE, BIUKDNAEL %
BEDOMICHMELE S L Z EDMEENT w5 (Degi et
al,, 2001). fit>C, ¥ <#HGHT X 21 DNA &0
A, DN SWEREOEHRD &) 2 B Z RV,
HEMEOMERICBWTIREF LA EHIis N 5.

t >~ bR =1 7 (Broertijes, 1968) %+ — b & F
(Nishiyama et al., 1966) Tl%, ZEEMHE IIHTRD
BZTEIEPHESNT VS,
DFEREIFT—FH L VW 2D,
ROWE IR ORI L > TRZZWRENZ 2 5N
5. o T, MElMER0ORE, MR Z L5
S NLLELRD 5.

Pl ks, EHEFETOT Yy ~<HBEGHc LY,

B8R
e

IS OFIIIARTFER
25 A 12 T

FR

15 Gy
80 1 0.5Gy/h 0.5 Gy/h
60 4 Average =994 Average =
40 | Variance = 1.6 Variance
20 A
) £
> 80 1 1Gyh 1 Gyl
> 60 { Average =994 Average =
2 40 | Variance =2.3 Variance
L 20 -
o 0
9 80 7 2Gy/h 2 Gy/h
L 60 { Average = 98.8 Average =
40 Variance

20
0

1 Variance = 2.5 I )

&0, BOoNERAEZERE, il L) RE%
SHEVEY) O ZERE REME CTIIEFIC, LV ERWREET
DN < RIBEDPERTH L EDHS P E o7
YR=T 4 =)V R, EKREER TR O~
LHHETH HRBHE O 0D TH HH, REFHIF
HEE OB RBEHICAR L SNTWD. TV
Y—=T74 =) FIIBITHHERIIAER LD IR, —
75, BEHEEIZ— I BV o R B E I ARFER L Y
LEV. ZTOL)LENEIHLLOD, REFTHEN
TR E T O < BEIRG AT X % EE ORI
BRITHAHEVI R, Hor~x—T714—VFIZBITA
FEHATIC O S TIEE Y, REFOAMMELZ LT LD
ThbEEZL.

30 Gy 60 Gy
1 0.5Gy/h
97.8 1 Average =97.8
=28 | Variance =5.6

1 Gy/h
Average = 96.6

97.4

=3.1

Variance = 3.2 I

2 Gy/h
Average = 96.2
Variance = 6.5

97.1
=3.2

> P PP PSP ;PP SRS P P PSP S
P 439 B NN %5) 9 439 BN N Q7.0 ,553 D7 0T NN
" N P F N F N PN P F G H N F N PP Y
P o oo W P o o7 o0 Y oY o7 oY o7 o7 o7 W
80 Non irradiation

Average = 100.4
Variance = 1.3

Relative nuclear DNA content

Fig.22. Effects of total dose and dose rate of gamma ray irradiation on nuclear DNA content.
Relative DNA content is expressed as the ratio of the nuclear DNA content of investigated plants divided by that of control plants
maintained by vegetative propagation. Nuclear DNA content was measured in 50 regenerated plants per treatment.
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Relative nuclear DNA content

Fig.23. Relationship between reduction of nuclear DNA
content and mutation induction.
Relative DNA content is expressed as the ratio of the
nuclear DNA content of investigated plants divided by that
of control plants maintained by vegetative propagation.
Nuclear DNA content was measured in 50 regenerated
plants per treatment. O: 2 Gy-h"; 2A: 1 Gy-h™; [: 0.5
Gy-h'.

1. RAZRBEOLODODERFEELTDA A E—L
DFFE
(1) zh =
KWFFETA A E—aRGHZL ) Ao FZBLT
AA%e1E, Ekberg (1969) 2SHPET-R° X SEFEST S L7z
TFAFTHE L TV LH LRI, JOAREIZL -
THl&ERZsnzeE2oNE 72, ¥7 T, K
ERGEBARRE TH 5 ROEBOBD DT~ i X
WMICkoTHl &2 &b (Dowrick and El-Bayoumi,
1966; Ichikawa et al., 1970) #%, £ * v ¥ — ABEFIC X
DI DNABASA L7z Lht, A4 v E— LHREHC
Lo THRBICROERENIRE-EEZEZ LN 20
EO T ens, R ELIEL LA RERE
bt [ &2, A+ V—ntHr<feTHEL
7z.
44 TlE, BERLIHEL LERELEOEE D
O [RhE] B L72h%, KBRS 724 4 L FIC

LoTERDZDOD, A F 2 E—2DITH) D <L
DEV, BHEVIRFEETH- 7. F 7 TiE, BEICLS
1% DNA & O L AL ERMHEOR, S [R1%] %
L7225, 220 MeV jR#E A 4 v BREHClE, ZRHE
12320 MeV e FEA F o R H < EM%ETH 72D
xtL, % DNA®mIZHHHELYECLTLITL A LRD
LZaehor. F72, 100 MeV A~ 7 44+ 2 Tid, |
BHREATE 2 2 LMD A F L FER AT < & BRI
DNA & (34 L7228, ZARBEIZZNS L) Ao
7z.

CDEH, AF =L D[R FA F L HEICL -
TERY, F71ZBTLAN) T L6450 D L) I
HGLARLNTDS, T E TS, 72130
HTH D LA s

(2) ZREV2—DKEZ

L RZBNT, A F =2 BENZ LD M, HRI2B
LR REROGHREEX, T ~viE ) dE,o
7o, M2 T, 7 OMEFISRT 2R TIE, (4 E—
LI Lo TR, B (U, LIBLULIE) %k
ZIEREY T Y — DI RBA LN, THORRIT,
YR TAF Y =L TE LY EVWERYL Y
=D ENDL T EERIBLTN5.

ARNIBNWTAFT V=L EAERYE T =T
NEE D DI o/ RRE LT, 44— AHEHZD
TF 2B BIEEMIEOED T ¥ <O L Th
Bl rolzl W EZONL. T2, FIIIBVWTL,
A4 = W RICEZKS 720 LoDl 554
BEARDBTETZ, H5VIEIPEOMIED S X5 F X TR
LD ZOBRDO2EDYNRELIZE S F X T OEIC
LW EeEEREPER SN EZ N, ZOLH %
TEML, AFVE=LEF U ETIE, BE S
ETHH AR BT 2 IEMIB 04 258 ) F @D D
bEEZ BN

A4 —2nid, MlBzEBETLE—- 208D 7%<
(Tanaka, 1999), 722, O SN/-EEHICKE 25 X —
V%45 2 % (Yang and Tobias, 1979). ZD 7%, £+
YE— AR TR LA h, SN XTH
BRI BV TR K O DIEIEHILASE, Z DR
B RERTA-TVEZIT AL, ¥ X =T
INEIpo Tz, HHVIEYT A=V EELZITFT TRV
PIRIEELIZEEZ LN, 2TDLEHIZ, 1+ E—LH
B CIZ TR 2RI H M TR L 5 5 A =
WZKREZENDH L EHESI N,
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FIUIR L, Hr<fTid, Mlazs—cEaL, E
%% 5.2 % (Yang and Tobias, 1979). it > T, HEEFIC
£ BT A=VIFHMBEHTIZE AL EZIIR L, ZD0p
BOMBLTZ T AEAET HIREEIC % 2 W REIE IR & 2
b, ZOXHIE, AF v E—nENUTE T,
FEEHC & DA 52 2 7 A = DIEVEH Y, Z
DGR, ZETH RN AT 2 IEEM OB E N %
726 L, TNWx, A FYE—LIZEDERENLE
Byry—i, HUovBIVbR{hozbEzbN
72,

(3) BREANY MV

B BRFICE, CNFETHEDLNTWERFE L X
B LEHEART MRS NA. 44T, F%ES
NTBEGFRERD Y A4 THOMIIBBEEIC A + B —
NET R EDENZEDN R L, ERRERIIBITS
ARYT MVIZIEEDS WS Ebh oz, F7 TR
12, A F U= ARERN, H5VIET VRN
FARRBIESNT, £/, FRINLEBOEROMR
BB IC D BN R o2 e h b, £+ E—
KAETVIMETANRY PVICERZVT LS L
o7z,

L2 L&A 5, Okamura 5 (2003) (X, 7 — % —
A IlBWTH YR TIRELN TV AR WEMmZE R
KE2AF =L THRAZEEFRIEL TS, E5I12,
Nagatomi 5 (1998b) (%, AWZEL R UMl THS K
WMo EERT, A 4 Y Y — LSRR BAR R S
L2 xiii LT3,

Nagatomi & (2000) (X, fEfaZ 8 OFHEHE LR
WCHWAMEHZ Lo TR Y, FExHW25GE L )R
AW EDIE) D, EBERHBEN RV & 2l
LTwa. T, fEfmicldEs 2 8EFI2817 5458
ORINRLFTEN, EFEETHRLLILEEREL T
%. Nagatomi 5 (1998b) ZfEF &K & L, AWfZET
BERMEE L2205, RBIFETA 4 ¥ ¥ — AR
OB RKREEO NP> 728 H2 D LIz,

4 ADFRFFEROILETIE, {1+ E—nkh o~
BETARY PVIZED o7z, 2L, 71—
+— 3 3 ~ (Okamura et al,, 2003) % ¥ 7 (Nagatomi
etal, 1998b) TIIZEBRARYZ P VIZEDN AL NI,
Naito & (2005) (&, # LET BT 2 kA 4 > ¥ —
LM LET WA TH 2 7 v <#omiE & b1z, Bat
MEICHPDPDOTREBREEEDL S LERLIZH, £
DIFEALFBRIEEL RV EHBILTWD, o

== a3 DL REEETEEW BT, &5
FEMEEIMREEOM ST OLERZRITE 5. UK
L, 1 AOFEFEELRIL M, IRIEEZES NS RIEIC
EBERPZTERTHDLI D, A FTIEAF
E— L LN YOI TERANRY PVIZEVD R D>
7eolE, TOXHRAEHIZE 2L Lk,

BRANRY MVDECEYSPICT 572012135 7%
BLIREPVETHY, % OVEMTOMA I HE % x5
& LR RBFEAOIY) MADITHON LT, K
WS T EBbILs.

AREIZBNT, A A TAF Y E—AIZLDFESN
TeTERRERDLE Y A T O MBUEEE I <~ & [
BT, 7TVESTOHENRDE L, RVTE) 71 X
Thole. AT, FROMEAA, 7>~ (Ando,
1968; Yamaguchi, 1962), X ## (Matsuo et al., 1958), %
L CEP T (Matsuo et al., 1958; Yamaguchi, 1962)
THALNTWD, EHIFFLAFTYH, Hr~it (Dol
and Sandfaer, 1969), X #% (Gustafsson, 1969), % L T
iPE 78 (Gustafsson, 1969) TRIBDREEDES LT
Wh. UKL, EFEERFETHLTF LA FH A
I} (ethylene oxide) (Gustafsson, 1969) < EMS (Doll
and Sandfaer, 1969) % LEL 7z F A F T, s
MOBEERLRY, ©) T4 AOBERTVEF LD &
Motz INHORFRIT, SERREEZOMK B BUHE
SR &AL R & TR DA, BT oREIC
L BENIR VT EERIBLTWA.

2. RRZERBFROL-HOREBH X

A Y= D BERERFREIME ) H72o T, &
HIRGHRE L TOHR L 2 HIRENLETH L. T,
Y VHIEEWE, ZRFE LA b TEN
W < RO IR 12O T b FEERIITR L2
Ezwv, 22T, A 32MEELT, A E—-LaBE
O~ L7k, LT omd L 0%
FRA BT 2 L) Bl s, B4 REREICOW
THGET L7z ZofR, B Sh T dizh oGk
Bk, A4 =L H I BOMEIC B TEER
WMOBERLBE T LbEML o/, BLAIHE
WZBFLIEClE, AGFFRIIBLZ0%THY, AfF
WCIEEAEEE LW, A RZBVWTAF L E=L0RH
VRBMTHIESRI SNA AR, BICRBEREREICLD
bOTHY, Z09) LI HEMN O—FIL KRR E
THEEZLND I ENS, HFLEA (M) 2BV
BARDOFEZ DR VITIPEE L, RIFEICBNT,
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HRETR S AT < 72 Bt T, MR A% <
hofzl WD, JBERAHMETOREIZ L 2 ENE
HOZALIZ LD, DA L) /S EEbND o T
JB L bMEL HENERERE(EZDLIERL,
FEDHE T 2 WE L7oH AR R & R B S
T200BFOHZLE L THLTWEEEZLND.

FITIRY 2 — FOFMMERICHEL i, NT
TEHFOAFITHE L ZWRWHETS, 1+ rE—A
FREHC & ) BRARDER T E 7z L VIR EE TG
5 L&Y, BIEWEROZALIVNS WE B ZEFER
OVEMATTRE L % 5. AWFECIIIRGHRE DO H X 2R T
CEETE Loz, Kt OMEHCTHoIC AR EDS
Bohiz, InOHOMFEI, AR ZERKZNRNIZE
B1DICEHTHS ).

I RO T, ARIRGTE & ME IR O EIRATT
BETHAH. F7Tld, EEEEREEIIRERIIZEIN

3, EICRESREIl Lo TE 572 FUIH L, B
DNA & 3G #E & @ ROMEOXE L 272, &
DENE, F 7 TRV RGHRERTEViE 2 RS
HTEIZED, BN X BEEEDP D VEREZ S
JECHEST LI EDMETHLILERLTVS, 1L
WRFL, k&> FR—=1 7 (Broertijes, 1968) 4+ — b 4
¥ (Nishiyama et al., 1966) Tl%, ZERIEARFIIHEFRD
BRI L EPHIE SN TWS . BRI R IR
L BBEIIRITTHEROPZEL, MYOREEHIZL T
BLDTREENEZONDLZ LD, HEEHEFEOE
BUIREIM R L AZEHm L, 24Ut U7zay) 72 B g7
B UEDR D D,

wW =

ZNERFMIL, TFORBE RICAEN R TEDD &
DOTH5D. FERERFETIL, BRFEORERRE 2oL
HEIEELERTHY), BERPEL, —HTERE
MBS HEEPD RN EHEEND.

AF Y E—LIE, TR X L TRViT
PVF -5 (LET) Z2#b, muEwsiRzny. 2
DZENDL, FLWERE L L TEWERER, ERH
WHNTE AR TIIE S N b o 72HH O A fE
BPHFRESN TS, 22T, BRERFHEOI2ODZ
BIHE LTOBENS, ERHVOR T it
LD, A4 E—208#MEWHL LT

A F Y E— L DOEBERFHEA~OFMIZBWTIE, #)
R B L ORIV B R 2 ST & 2 RoB ST 12

BT 2HAFLENL. —F, <RI BWTHR#
TG A O W CEBRIICH S I SN TV B 61 7%
V. F7, BN X AEELY DR TERLENL T Y
TRROBEHERTORFORRICONWTH T— 513 %
VW, ZIT, AF =LA B IO Y ORI
FTOWTHGES L7z

1. RAZRBEOL-HOERFELTDIF U E—L
DFFH
1) % =

LRGN L B BEORE I T 2 EREOR S
[®h] LE#SIND. RIEYWORKREREFEHIZB VT
&, ZBRFELIEICL > THBT 2EENDRWE, §
bbb [RE] PEWERE, WHFENLEINL. £
T, A1 ABLOXF7EHVWTCA T E—nET <
ET [HhE] R,

A FDOHFIZ, REAF > CFHLET 76 B L U107
keV-um'), ~V) 7 A4 F ¥ (F3LET 9 keV-yum?) ,
BLOH e cofETREL, M ftRIZBsw
THARLRFESRL, M, RICB W TEERELREY
AL, AAEERE ERRARE, BRI ORER L ERE
LB L ORGP SRFEEZ KD, WK L7, ZORE
BRI AF VL > TR D LOD, EFREB LR
EEOLELELEIZLGEICD, A+ E—2013
DA RBMED DRI E, HDHVIEFEFETHD
LIRS N,

FUAF el TITo72%F 7 OFEER T 5
EEAER T, MBS X 2BEDIRE L L7241 DNA &
WA, B OB I A 4+ fEIC X 5T
B o7, MEHEOBMBRILOROIFRLRILI-EZA
A LS TERRY, NVTAAF Y TET M
L0 HRFEDMEA 5 7z

DL, REIAA L oTERY, Ao~
REHRTHARE, FREMAETH7205, F7I128

FHN) T LA F DI ITENIGE L AL N

2) ZEREVZ-DKEL

G SN TR % ED O ERKZHH 7201213,
BRZ /L 720D LRI, B SNHFRF 0%
THOP BRI 7556 S N 72Z BRI SR S vz il
bz, EEGEHMBOMBICERPBETH, Th
POBRSNLER Y7 & —HhUNSWIGEIZIE, ZBRE
ELTHHETE B REMEDMEL 2 5.

A A DEFFREROGHIENS, 1+ E—L0M
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WTEA Ve L TL Y KRELRER YL ¥ —HE
BENE EHEM SN F7TlE, HEBFICAEF S E— 24
BLOY <A B, 2B08 )R L 247> TEH
L7AEBAREIZONWT, [BoNIAEBEREORN S
Y2z HESETCLIBMBEROMY Z/ERL, €
DAt L BERARDOIEE 2 S 5 2 & THF X T %
Hrize., ZOfER, U <HTHELNAEEEREKITS
NRCEFEFX A TEZo720IZx LT, A+ E—ATIHHE
BERXATIEZF TR, TEERETH LW REEZR L7
BRMAbH o7z, T, 14— A TIEEHSZM
FROD @R E DOTIE & DR OMIED & D 2 DO PSS 2
D, BRY7 Y —PREEBZ TR LD EEZ LN
72, =T, AR TIIEREDSE I NS L) B
ol eIl liFF AT e oz b HERI S 7z,
PEDXI, A4 -2 BEOKERESN AR
Y75 —DII) DT R EHRTENWZ EAFHLE L
otz

3) BERANRYZ MV
BONBLERD AR MVHERF L L TORHBOO
EOTHY, FLWERFIZIIIERHAVONTE AR
JECTIEH O N0 ZERKFRPIEINL. £2
T, AF =L T UVIBOERARY FVDOER%
FRD720, A A TREBELNTERELR (T LE T,
FHry, V)T a A, BIUOZTOM) ORIERELR
OFFHBE LT Z i L7z, F72, ¥ 7 ClRFHSINL
Tt % g L7

A P BUT B EEFFELROMI HBILERIZIE, AW
ZBTHW3HD A F v E—AB LT <L TR
DOEMBA S, TIVEFOHIBILEI KD E L, KW
TEYTFAATHY, AF U E—L LN THOBTHE
Bl ahorz. F 7Tl WHEEOIOERIE SN
B, AF T E— AL FFEINACEEROMEEIL T
YRBMEFMUTH Y, T/, HBUHEICORY 3% L,
A% = A THRICEHDNR T WLOERIE o7,
COLHI, RIFEOBER,LHIE, FEINDIEREA
R MWV AF =L B EIGEVITED S
Nehoiz.

2. RREBRBFRO-HOREBH X

A+ Y= ABLUH v <O iE RS E % IS 2
25720, A 4% AT 1Rd 720D OLRME
Bl b 4L hbEE RO, TOME, S3HOA F
CE—ABIUH U BOWTROMEICBWTY, E

FEMBICBVOR & % 2 ME AT L 2 BEC, sk
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