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 Humans have to overcome two obstacles for ex-
tended periods of manned space exploration: micro-

gravity in the space environment and the presence of 
high-energy cosmic heavy-particle radiation in space 

(Malacinski and Neff, 1990). Since there is little knowl-
edge of the effects of cosmic heavy-particle radiation 
on living organisms in space, studies of this aspect 
are very important. 

 In the future, it is hoped that radioprotective sys-
tems for humans in space will be developed through 
space radiation biology research. Such investigations 
must examine the effects of cosmic heavy-particle ra-
diation on living organisms and the mechanisms in-
volved. As only a few experiments have been con-
ducted in space, simulation experiments conducted on 
earth are necessary, and this can be accomplished by 
utilizing cyclotrons and synchrotrons which generate 
heavy-particle radiation (heavy-ion beams) (Harada et 
al., 1992). 

 In this study, we investigated the cell lethality of ion 
beams, some of the cosmic heavy ions originating
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from galaxies, using two strains of the prokaryote Es-
cherichia coli: the wild-type strain and a DNA repair-
deficient mutant strain lacking the ability to repair DNA 
damage. Furthermore, we studied the relationship be-
tween the linear energy transfer (LET) and relative bi-
ological effectiveness (RBE) values for E. coli cell 
lethality from the data of D10 values as the dose quan-
tity necessary for decreasing the survival fraction to 
10%. 
 E. coli strains KMBL3835 (trpE9777-, wild-type with 

respect to DNA repair activity) and KY385 (trpE9777-, 
recA56-) were used. The ultraviolet (UV) light sensi-
tivity of these strains has already been reported 
(Obiya and Harada, 1994), and it is known that sensi-
tivity increases in the order of KMBL3835, KY386 

(trpE9777-, uvrA6-) and KY385. For UV irradiation, 
the D10 of strain KY385 is about 2 J/m2. 
 The KMBL3835 and KY385 strains were exposed to 

low-LET Y radiation at the 6000 irradiation facilities of 
the Research Reactor Institute, Kyoto University 

(KURRI), and the results were compared with those 
obtained using high-LET radiation in the form of boron 
neutron captured (BNC) beams (mainly a -particles) 
from the nuclear reactor at the same institute. For ex-

posure to a -particles, the cells were suspended in
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saline containing O3 M 10B-enriched boric acid 

(H310B03; 90.2%). The a-particles were generated by 
the nuclear reaction 10B(n, a)'Li from thermal neutrons 

(6x 109 n/cm2s) in the heavy-water (D20) facility of the 
reactor operated at 5 MW. The LET value of the a-par-
ticles was about 230 keV/µm (Kobayashi and Kanda, 
1982). Similarly, these strains were exposed to an-
other source of high-LET radiation in the form of car-
bon ions. The 12C5+ ion radiation was generated from 
an AVF cyclotron at an energy of 220 MeV and LET of 
121 keV/µm at the Takasaki Ion Accelerator for Radia-
tion Application (TIARA) facility of the Japanese 
Atomic Energy Institute (JAERI) in Takasaki, Japan. 
The 1206+ ion radiation (mono-beam) was generated 
from the synchrotron at an energy of 290 MeV/u and 
LET of 80 keV/µm at the Heavy Ion Medical Accelera-
tor in Chiba (HIMAC) facility at the National Institute of 
Radiological Science (LAIRS) in Chiba, Japan. For all

 Fig. 1. Dose-response survival curves of Escherichia co 
KMBL3835 (trpE9777-) and KY385 (trpE9777-, recA56-) cells it 
radiated with a-particles, c ions and y-rays. 
 The cells were grown at 37°c in a broth medium (Ohnishi et al 

1983) containing 1.0% Bacto beef extract (Difco, Detroit, MI 
U.S.A.), 1.0% polypepton and 0.2% Nacl, adjusted to pH 7.4 
Growth was followed by measuring the optical density at 550 nr 
using a recording spectrophotometer (Shimadzu UV-240; Shima 
dzu, Kyoto, Japan) (Obiya and Harada, 1994). cell growth wa 
stopped at the late logarithmic phase. After irradiation, the dilute 
samples were spread on broth agar plates made by solidifying th 
broth medium with 2.0% Bacto-agar (Difco). colonies for measure 
ment of survival were counted after incubation at 37°c for 241 
Each survival point was the mean of six plates with cells diluted 
three different steps.

exposures to radiation, cells suspended in saline were 
used. After irradiation, their survival fractions were 
compared. 
 The results for the surviving fractions are shown in 

Fig. 1. Strain KMBL3835 showed a higher tolerance 
than KY385 to all four sources of radiation, and the 
sensitivity of the wild-type strain increased in the order 
of y-rays, a-particles, 1206+ and 1205+. This difference 
seemed to be attributable to the difference in LET; the 
sensitivity appeared to increase with increasing LET 
up to 121 keV/µm. 
 Each D10 value was determined from the survival 

curves in Fig. 1. These values were: D1oy-rays (KMBL3835) 
223 Gy; D10 y-rays (KY385) 50 Gy; D10 a-particles (KMBL3835) 180 
Gy, D10 a-particles (KY385) 118 Gy; D1012C6+(KMBL3835) 138 Gy; 
D1012C6+(KY385) 83 Gy; D1012C5+(KMBL3835) 100 Gy; and 
D1012c5+(KY385) 63 Gy. The LET value was already de-
termined from the character of the ion and the ma-
chine capability. The RBE value was calculated as the 
ratio of D10y_ray value/D10 beam value. We then plot-
ted the relationship between LET (horizontal line) 
and RBE (vertical line) for cell lethality on E. coli 
KMBL3835 wild-type strain (Fig. 2). 

 It has been generally believed that prokaryotic cells 
do not have a RBE peak in plots of LET against RBE 
for cell lethality, whereas eukaryotic cells have a peak 
at about 100 keV/µm LET (Kondo, 1972). In this ex-

periment, we found for the first time that a prokaryote, 
the E. coli wild-type strain, has a RBE peak at 
121 keV/µm; the RBE value being 1.81. However, this 
was not the case for the mutant strain. 
 Furthermore, we found that the ratio of the D10 value 

for strain KMBL3835 to that for strain KY385 (i.e., the 
D10 ratio (D10 KMBL3835 Value/D10 KY385 value) observed 
after y irradiation) was larger than that after irradiation 
with a-particles and carbon ions. This indicated that 
the sensitivity of strain KY385, which lacks recombina-
tion repair ability, increases more slowly than that of 
the KMBL3835 wild-type strain as the LET value in-

 Fig. 2. The relationship between 

and relative biological effectiveness 

strain KMBL3835.
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creases. Therefore, whereas the recA gene greatly 
contributes to the repair of DNA damage caused by y 
irradiation (D10 ratio=4.46), the contribution of this 

gene for the repair of DNA damaged by a-particles 
(D10 ratio=1.53) and carbon ions (D10 ,26 6+ ratio=1.66 
or D10 ,2c5ratio= 1.59) seems to become smaller ac-
cording to the increase of LET value; suggesting in-
creased cell lethality. 
 We have already observed the presence of hot 
spots (specific areas) for mutation on DNA molecules 
of the shuttle vector plasmid pZ189 using a BNC 
beam containing a-particles and the DNA base se-

quence method (Nakano et al., 1995). These two 
strains of E. coli are auxotrophic mutants, so that 
back-mutation can be examined by observing their 

growth on minimal medium (Ohnishi et al., 1980). Fur-
thermore, the lethality and mutagenicity of various 
heavy ions on E. coli DNA repair-deficient mutants will 
be investigated.
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