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INTRODUCTION 

Interpretation of biological effects of ionizing radiation is quite a difficult problem 

(see e.g. 1 ). The most popular theories·.relevant to the interpretation of experimental 

data are track structure theory (2-6) and microdosimetry (7-9). Particular models are, 

how~ver, not generally accepted (see e.g. 10, 11 ). In order to select appropriate 

radiation field descriptors, detailed calculations of energy depositions and their 

du~terization have been performed (12-14). The results showed correlation between 

the induction frequency of some types of clusters and cell inactivation by ionizing 

radiation,- However, available experimental data on mutation induction have not been 

quantitat!vely interpreted. This study shows that the field descriptors appropriate for 

some biological effects at some range of particle parameters could be_ quite simple 

· quantities. IQ order to construct such field descriptors appropriate experimental data 

are needed. We used mutation induction in bacteria as a mode_l system for this 

purpose. 

EXPERIMENTAL RESULTS 
I 

Our experimental results on mutation induction by ionizing radiation in bacterial 

cells have been published without quantitative interpretation of the relative biological 

effectiveness and its dependence on particle parameters ( 15~ 19). Using /acz+ ➔ 

/acZ' mutations in Escherichia coli HfrH we have shown. that the mutagenic 

effectiveness increases with LET oo up to some maximum value_at about 20 keV/µm 

(15). In the range of very heavy ions (Z>10) we have shown that the induction of his 

revertants in Bacillus subtilis decreases with decreasing particle energy in the range 

up to 1 O MeV/y (17). Our experimental data on mutation induction in wild-type 

bacteria obtained at different radiobiological heavy-ion facilities are summarized in 

Fig, 1. Forward mutations lac/+ ➔lacr were detected in Escherichia coli strain Ymel 

on X-gal plates (18, 19); vegetative cells of Salmonella typhimurium, strain TA 102 

were us~d to detect his· ➔ his+ reversions (18, 16). Forwa~d m~tagenesis in /acZ 

gene was investigated using Escherichia coli cells on tetrazolium: plates· (15). 

Reversions in Bacillus subtilis spores his· ➔ his+ were investigated· after irradiation 

of the cells in a dry state using selective plates (17) . 

. Bacteria in thin layers were exposed to heavy i6ns from U-120 heavy-ion 

accelerator (20), Institute of Nuclear Physics (INP), Rez at Prague. Irradiation with 



neon and iron ions was performed at BEVALAC (21 ), Lawrence Berkeley. Laboratory 

(LBL), Berkeley, California; irradiation with low energy high Z ions at UNILAC (22), 
. . ' . 

Gesellschaft fur Schwerionenforschung (GSI), Darmstadt, FRG. Induction of lacZ 

mutations was measured at a U-200 cyclotron (23), Joint Institute for Nuclear 

Research, Russia. 

The efficiency of mutation induction was determined from the equation 

m(D) = ay,m x D for y-rays or m(F) = a;,m ~ F for heavy ions; where m is the mutation 

frequency, ay,m is the mutation induction constant, and cri, m is the mutation 

induction cross-section; D is the radiation dose and F is the particle fluence. The 

initial slopes of the dose or fluence dependences, m(D) or m(F), respectively were 

estimated for different types of ionizing radiation by means of standard statistical 

methods (least square fit). Therefore theoretical analysis presented in this paper will 

be related to low doses of y-rays and low fluences of heavy ions. Owing to the fact 

that different bacterial strains and conditions of irradiation were used, the ratio 

cri,m/aym was taken for comparison and plotted in Fig.1. The significance of this 

quantity (MPE) is similar to relative biological effectivenes~ (RBE). MPE is however 

derived from more fundamental quantities; it will be called mutagenic effectiveness 

per particle (MPE). 

The results show that there is no common dependence of the particle 

mutagenic effectiveness of heavy ions on LEToo. Therefore the energy of ions must 

be taken· into consideration. The rationale of our approach is based on the 

consideration of mutation induC?tion, which is related to some critical amount of 

depos'ted energy . ..,..he probabr'ity of the occ:..;·rence of the effect w'" be h'gh for a 

certain amount of energy and it wili decrease for both lower and higher quantities of 

energy. This means that not in all cases - depending on Z and E of the particle - the 

energy deposited in the centre of ion path (the "track-core") will contribute to the 

effect The energy deposited .in the sensitive volume of bacteria (approx. 0.1 µm 3
) by 

. . . 
the "track-core" depends mainly on LEToo of the particle; for LET00=;=1qo keV/µm the 

specific energy is about 50-100 Gy. Above this value of LEToo. the probability of cell 

inactivation by one. particle passing through a bacterial cell will increase substantially. 

Therefore, mutation induction will be related mainly to indirect hits and the fraction of 

energy. deposited in indirect hits could be quite a good radiation field descriptor 

related to mutation induction in bacteria. 
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THEORETICAL RESULTS 

The fraction of energy deposited in indirect hits, f0, can be calculated from 

different track-structure models (3-6). Some of them are based on the model of "core 

and penumbra" as developed by Chatterjee (3) and Kudryshov (5), on classical 

collision dynamics (6) or on Monte Carlo simulations of energy deposition (4, 9). The 

following method of calculation has been used. 

The sphere with given radius (r) was randomly placed into the track described 

by particular model and the energy inside, w, was estimated by its value in random 

element in three-dimensional space. If the impact parameter, p, was greater (smaller) 

then the radius of the sphere, r, the energy was added to indirect, Wind, (direct, Wdir) 

hits. The probability of hit increases with impact parameter . (owing to radial 

symmetry) and therefore. the. energy contributions were multiplied by p. The fraction 

of energy deposited in indirect hits: 'f.w;nd ·-- is plotted as a dependence on 
L.Wdir+-'f.Wind 

particle specific energy En in Fig. 2 for different models: Kudryshov, 1973, Chatterjee 

and Magee, 1973, Katz, 1988, Kiefer and Straaten, 1986. 

Owing to the divergency of the local dose at p=0 (D ➔ oo ) in the. case of the 

model of Katz, 1988 the results of MC-calculations are not reliable. We _have 

therefore introduced an artificial track core much smaller as compared with our 

biological object by integration of the core area. The energy deposited inside the 

core area was assumed to be homogeneously distributed in it. We have calculated 

the dependence of fo on the radius of the artificial track core (rcore) and established 

that the results do not depend on rcore if rcore < 0.01 ~1m. 

The shapes of the functions fo(En) are similar for different track structure 

models (Fig. 2), the absolute values are however somewhat different. The results of 

calculations depend on the density of energy, e.i. local dose, deposited in the Outer 

parts of the track and on the range of o-electrons. The models of Chatterjee and 

Magee, 1973 and Kudryashov, 1973 give relatively smaller local doses in outer parts 

of the track as compared with the other mentioned models. The· energy is 

concentrated more in the track core (about 50%) at very small volumes. Also the 

ranges. of the o-electrons in the two models are smaller as compared with the models 

of Katz, 1988 or Kiefer and Straaten, 1986. 

Using !he fc">(Em function we can define two quantities: the fraction of LET 

deposited in indirect hits, LETo = LET.,, x f..">. and the complementary fraction of 
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energy deposited in direct hits: LET:,, = LET oo x (1-f8). These quantities could be 

used to describe the biological effects of radiation (in similar way as LET or En). 

If the cells are killed by the passage of the "track core", the only contribution to 

mutation induction can come from indirect hits and the mutation frequency will 

depend on the density. of the energy deposited from Ii-rays. The mutagenic 

effectiveness of heavy ions can be thus predicted on the assumption that the 

ii-electrons are as efficient in mutation induction as y-rays if the dose deposited from 

o-rays is the same. Starting from the equation for the radiation dose of. accelerated 

heavy particles, D [Gy], using the particle fluence, F [p/µm2]: 

D = 0.16xLETooxF (1) 

we can substitute the LET [keV/µm] by its fraction corresponding to indirect hits, 

f8xLEToo, and the dose will be then the dose related to mutation induction: 

. Om = 0 .16xf[,xLET ooxF. (2) 

The mutation -induction frequency will be ·ay,mxDm . Using the definition of the 

mutation inducticin cross-section and the definition of .MPE we can come to the 

equation: 

MPE=0.16xLETooxf8 . . (3) 

Mutagenic effectiveness per particle (MPE) of heavy ions with linear energy 

transfer in the range of LET oo> 1 00keV/µm is shown as a function of 0.16x'8xLET oo in 

Fig. 3. Experimental data are taken from Fig.1 for LET oo > 100 keV /µm. Theoretical 

dependence is in agreement with Eq.3 represented by a straight line (Fig, 3). This 

regimen of the induction of. mutations by heavy ions is called "o-ray mutagenesis". 

The agreement between experimental and theoretical data is better for the models of 

Kudryshev, 1973 and Kiefer and Straaten, 1986 as compared .with the other two 

mod.els (Fig. 3a,d). Survival of direct hits at LEToo:::e100keV /µm can lead to 

increased MPE. Experimental data as well as theoret)cal curves are plotted in 

dependence or LEToo and on particle energy En in Fig. 4 a,b. 

Mutagenic effectiveness of heavy ions at.the range of particle parameters near 

to LET max=20 keV/µm _is higher as compared with the effectiveness of y-radiation 

(14, 17). It means that the mutagenic effectiveness of the track core is higher as 

compared with y-radiation (or a-electrons) owing to higher concentration of energy 
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deposited at nanometer sites. Therefore the fraction of particle energy deposited by 

indirect hits might not be significant for the induction of mutations if the cells survive 
., . ~ ' . 

direct hits. We tested this hypothesis using "restricted LET', LETti.=LETdox(1-fo). 

Fig.5 shows that the quantity LETti. could be reasonably good parameter to· 

which the mutagenic.effectiveness of light ions (D, He) or ions with a very high 

energy could be related (with LEToo near to 20 keV/µm). This regimen of the 

induction of mutations'by heavy ions is called "track-core mutagenesis". All the data 

follow a common curve, regardless of the atomic number. The curve increases, 
.··' . .:· 

substantially in the range oLLEToo~20keVlµm. The nonlinear shape of this 

dependence means. that not only energy absorbed in the sensitive· volume is an 

important char~ct~ristic. S~me values of· LETti. (at ~b~ut 20 keV/µfl)) ar~ · more 

effective due to. app~opriate spatial distribution of the deposited energy. Greater 

density of energy deposition leads to lethal events, the lower one is not effective in 

the induction of corresponding mutagenic lesions. If the dimension of the target 

(DNA) of about 3 nm is considered, the amount of deposited energy in it will be 60 

eV. This energy represents the optimum for the induction of mutagenic lesions. The 

growth-of the MPE for the "track-core mutagenesis" is restricted at hig.her LET (owing 
. . . ' 

to the lethal effects). On the other hand, the cross-sections of the "6-ray 

mutagenesis" increa~e proportionally to LET& (theoretically without limit). 
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Table ,1; Mutagenic effectiveness per particle (MPE) calculated for different types of 

ionizing radiation., 

Ion En , LET 
Strain 

MPE S.D. 
rMeV/ul rkeV/uml rGv.um21 rGv.um21 

D ,5.0 8,0 · E.coli 1.08 0,14 
. -·· 

5.0 8.0 S.tvnhimurium 1.15 0.27 
He 0.9 115 E.coli 2.4 _____ 1.~-

1 7 72 --· E.coli 14,1 1 §) __ 
25 54 E.coli 13.!!_ 2,.1. 
3.4 ---- _ 44__ _ ---- 'E.coli 12.3 ---- ______ 2.4 
3.4 --- _ 41 ... _. _§.JYRhim urium _ ___ 11,3 --- ____ 3_.o 
6.0 ---- __ 28 __ ____ E.coli _______ --- __ 12,3 ----- _ 1, 1 
6.0 _____ 28 ____ S.tvohimurium 11,8 ------- ----·-- 2.2 ·-
80 22 E.coli 8 1 07 

C 70 220 E.coli 56 2 1 
Ne 1,5 1400 - B.subtilis 0 --···· 

3,3 900 B.subtilis 0 -- ·- -
5.7 650 8,subtilis 9.0 1.2 ---···-

5.9 630 B.subtilis 9.6 1,3 ----
10.2 '• 430 B.subtilis 21.6 2.7 
14.4 330 B.sublilis 19.2 1.9 ... 
18.6 280 B,subtilis 40.7 4.6 
425 30. S.tvohimurium 95 28 
600 26 E.coli 30 04 ----- -
600 26 S.tvohimurium 42 05 

Fe 400 . 210 E.coli· 28.6 3:1_ ___ 
400 210 S.tvohimurium 32 8 43 

Ni 09 5000 B.subtilis 0 ----
34 3700 B.subtilis 40.7 4.6 

Kr 10 0 3930 E.coli 145 24 ----
10 0 3930 S. tvohim urium 208 63 ---------
10 8 3200 B.sublilis 69.5 9.0 --
17 7 2500 B.subtilis 59.8 7.2 

Xe 2 1 8700 B.subtilis 26.3 4.8 
28 8300 B.subtilis 44.3 9.0 ---· 
42 7600 B.subtilis 59.9 7.7 
69 6700 B.subtilis 101 10 ---- ·-

95 6000 B.subtilis 142 13 ------·-·· 
I 11 8 5500 B.subtilis 121 14 . --·-

16 8 5000 B.subtilis 139 33 
u 26 15400 B.subtilis 62.9 6.8 

77 13700 B.sublilis 176 28 
107 12600 B.subtilis 281 38_ . 
11 9 12200 B.subtilis 259 35 

Mean values and standard deviations are estimated using SigmaPlot, Curve Fit option. 
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DISCUSSION 

Bacteria are used as a model system in many different investigations. The 

understanding of mechanisms related to some phenomenon in bacteria is usually of 

great importance for other living systems. Based on our experimentaldata we have 

shown that the cross-sections for mutation induction, crm, by ionizing radiation in 

bacteria in the range of very heavy ions can be undersood at quantitative level. 

The fraction of particle energy deposited in indirect hits in bacteria, fo, is of 

great importance for our interpretation. The values of fo have been calculated by 

means of Monte-Carlo· simulation using different track structure models (3-6). The 

calculations performed with different models yield very similar fo(En) dependences 

over specific.particle energy, En, in the range of 1-1000 MeV/u. Long range of the 

a-electrons in the model of Katz, 1986 leads to the higher absolute values of ff. . The· 

models of Kudryshev, 1973 and Chatterjee and Magee, 1973 assume that about 

50% of energy is deposited inside small dimesions along the path of heavy ion (up to 

several nanometers). The best description of our experimental data has been 

achieved using the models of Kudryshev, 1973 and Kiefer and Straaten, 1986 
' C'" • -

(Fig.3a,d). The model of Kudryshev, 1973 is based on the assumption that the track . 

core has constant radius (1 nm) and about 50% of energy is deposited in it. The 

range of 8-rays is equal to p = 0.04xEJ/5[~1m], where the energy is giv~n in MeV/u. 

The local dose outside the track core, 0 0 [Gy] is proportional to the the following 

expression 

. . 
where Zet is _the effective charge of the particle and p is the distance from the· path of 

the ion (in ~1m). The total energy deposited outside the track-core is. proportional to 

LET oo in a broad range of values of particle specific energy. The model of Kiefer and 

Straaten, 1986 has similar-characteristics. The rarige of 8-rays ·is given by the 

equation: p = 0.0616xEF and the local dose 

· z~, 1 
Dto = o.90012sx 2·X ·2 , 

13 p 
(5) 
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where p is given in µm and the dose. in Gy. The local dose calculated 

according to the model of Kiefer and Straaten is lower as compared with the model 

of Kudryshev,however, the range of 8-rays is .. longer. For higher particle kinetic 

energy the local dose at given impact parameter tends to constant limit value. 

· The dependence of the fraction f8 on the particle specific energy and on the 

radius of the sensitive cell structure has been described using an empirical function 

f8 = Ax(1 - exp(-p/B))x/og(p + exp(-p/C))/ log(DxEn) 

wherep = 0:06xEn 1·7 Ir . 

(6) 

The function has been basically obtained using the range of 8-rays from the 

model. of Kiefer and Straaten, 1986 (the range in the other models can be both 

longer or shorter). The fraction fo has been calculated as the fraction bf energy 

deposited in the track of heavy particle with the specific energy En in the space 

outside from the cylinder with the radius r. 

The. parameters A,B,C, and D have been determined using SigmaPlot, Curve 

Fit option as the best fit to the data obtained from the Monte-Carlo calculati.ons. The 

dependen~e of f8 on the radius of the sensitive cell. structure, r. has been tested for 

the model of Kudryshev, 1973. The results for three different .radii are shown in 

Fig. 6. 

Two different ranges of LEToo can be distinguished. In the range of 

high LEToo (>approx. 100 keV/µm) MPE (crm) increases wit.h increasing specific 

particle energy if LET oo is kept approximately constant. In the range of low LET oo ( < 

approx. 100 keV1µm), MPE (crm ) decreases with increasing En. The results show 

that in the two ranges of LEToo two different modes of particle mutagenic action can 

be found. "8-ray mutagenesis" is related to those particles whose track-core energy 

is high enough to kill the cell (LET oo >approx.100 keV/µm). "Track-core 

mutagenesis" is observed in lighter ions or ions with high energy if direct hit of the 

sensitive cell structure by the particle is not a lethal event. The effectiveness of the 

"8-ray mutagenesis" is proportional to LET8 ;.,LEToo ·x fo, where f8 is ttie fraction of 

particle energy deposited by 8-electrons in indirect hits in· the bacteria. "Track-core 

mutagenesis,.increases with LET restricted to the sensitive volume (LET!,.) but is not. 

proportional to it. The quantities LET8 and LEh are relevant biophysical 

characteristics of ionizing radiation for mutation induction in bacteria for ranges of 

particle parameters mentioned above. 
Acknowledgements. We gratefully acknowledge the help of the Accelerator Groups at 

LBL, Berkeley; JINR, Dubna; GSI, Darmstadt, and INP, Rez at Prague. 
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Fig.2. Results of the Monte Carlo calculations of the fraction of energy 

deposited by heavy ions in indirect hits in spherical objects with dimesions of 

bacteria (r=0.3 µm). 

The fraction of energy deposited in indirect hits is plotted as a dependence on 

particle specific energy, En: for different track-structure models: Kudryshov (5), 

· Chatterjee· and Magee (3), Katz (4), and Kiefer and Straaton (6). The best fit of the 

semiempirical function fo == Ax(1 - exp(-p/B))xlog(p + exp(-p/C))I /og(DxEn) where 

p = 0.06xEn 1·7 Ir (according to the model of Kiefer and Straaten, 1986) to the points 

obtained from the MC calculations is shown by the solid lines. 
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Ko3y6eK C. n AP· E 19-94-164 
llHTepnpeTau;m1 pe3yn&TaToB no HHJ:IYKD;HH 
MyTaD;HH y 6aKTepnil: TSDKeJiblMH .HOHaMH 

Ilpe.[IJIO)KeHa npOCTaSI MO.[leJib .[IJISI paclfeTa 3cpcpeKTHBHOCTH H~yKD;llll My
TaD;HH HOHH3Hpyro~HMH ll3JiylfeHHSIMH y 6aKTepnH. IlpoBe.[leHbl ou;eHKH 
pa.r1naD;HOHHblX noneH .[IJISI lfaCTHD; pa3JilllfHblX 3Heprnil: ll .[IJISI pa3JIHlfHblX pa3-
MepoB lfYBCTBHTeJI&H&Ix CTPYKTyp. Ilpn pacqeTax 6blJIH ncnon&30BaHhl lfeThlpe 
MO.[leJIH CTpyKTYPhl TpeKa. IloJiylfeHHbie paclfeTHble ,[laHHble 6blJIH conocTaBJie
Hbl C 3KCnepHMeHTaJihHblMH pe3yJI&TaTaMH no HHJ:IYKD;llll MyTan;HH y 6aKTepnil:. 
PaCCMOTpeHbI ,[(Be M0,[leJIH MyTareHH0l'O ,[leHCTBHSI lfaCTHD;bl. 3KcnepnMeHTaJI&
Hble ):laHHble xopourn cornacyIOTCSI C TeopeTHlfeCKHMH pe3yJI&TaTaMH, eCJIH 
HCnOJih3yeTCSI COOTBeTCTByro~aSI MO,[leJib CTPYKTYPhl TpeKa. OlfeHb xopomee 
comactte noJiylfeHO npH HCnOJib30BaHttll MO.[leJieH CTpyKTYPhl TpeKa, pa3pa60-
TaHHbIX Kudryashev, 1973, n Chatterjee and Magee, 1973. 

Pa6oTa BhIIlOJIHeHa B Jia6opaTOptttt si:.r1epH&1x npo6neM OH.5IH. 

Coo6U1e1me 06-he;:11,rnennoro 11ncnnyrn si;:1epnb1x 11ccJie,1oaan11i1. ,D:y6na, 1994 

Kozubek S. et al. El 9-94-164 
Interpretation of Mutation Induction 
by Accelerated Very Heavy Ions in Bacteria 

We propose a simple approach for the calculation of the efficiency of 
mutation induction in bacteria. The approach is based on the calculation of the 
fraction of energy deposited by accelerated particles in indirect hits, e.i. in 
events in which the particle does not pass through the cell, however, the cell is 
hit by a-electrons. This descriptor of the radiation field has been evaluated for 
different values of the particle energy and different radii of sensitive structure. 
Four models of the track structure have been used for calculations. The results 
have been compared with experimental data on m'utation induction in bacteria. 
Two different modes of. particle mutagenic action can be distinguished. 
Available experimental data agrees reasonably well with the results of the 
presented theory if appropriate track structure is taken. Very good results have 
been obtained with the track structure ,models of Kudryashev, 1973 and 
Chatterjee and Magee, 1973. 

The investigation has been performed at the Laboratory of Nuclear 
Problems, JINR. 
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