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FOREWORD

Statistics show that over forty per cent of the human population, a large
portion of which come from the Third World, are suffering from hunger and
malnutrition. While the solution to these problems depends to a great extent
on the food production strategies of the various governments, equally important
is the need to preserve existing food supply by reducing food and crop
spoilage. It has been reported that estimated losses due to bacterial spoilage
are heavy; those of highly perishable commodities such as fish and fishery
products have been reported as amounting to thirty per cent. of the total catch.
An additional loss of five to ten per cent due to insects and microbes during
lengthy periods of drying and/or storage has also been reported.

After about thirty years of research, treatment with ionizing radiations
has been proved to be a valuable potential tool for reducing post-harvest storage
losses and for preserving quickly perishable food from deterioration.

Since irradiation is a purely physical method of food conservation, it may
for many purposes become the preferred method, for it is an environmentally
clean process not tainted with the chemical residue problem, it is energy saving,
and it can, in many cases, produce effects that cannot be achieved by con-
ventional techniques (e.g. decontamination of frozen food without significant
temperature changes, disinfestation and decontamination of food in bulk and
packaged).

The preservative effects of ionizing radiations can often be advantageously
combined with effects of other physical or chemical agents. The resulting
“combination treatments” may involve synergistic or cumulative action of the
combination partners, leading to a decreased treatment requirement for one or
both agents. This in turn may resuit in cost and/or energy savings and may
bring about improvements in the sensory properties and bacteriological quality
of the food thus treated.

To review progress in this field a Symposium on Combination Processes
in Food Irradiation was held by the TAEA and FAO at the Bandaranaike
Memorial International Conference Hall in Colombo on 24—28 November 1980,
and the present volume contains the proceedings.

One of the most effective means demonstrated of increasing the efflcacy
of irradiation in the control of food spoilage is the combination of a low irradia-
tion dose with a mild heat treatment. Promising results were reported for the
shelf-life extension of mangoes and papayas, and the disinfestation of dried

dates. Commercial application of the heat-irradiation treatment for some
" fruits is expected to follow soon.



The Symposium covered other topics, such as the mechanisms of sensi-
tization of microorganisms by physical and chemical agents, improvement of
the microbiological quality of foods by combination processes, and the aspects
of the wholesomeness and legislation of the food irradiation process. A key
issue in the general discussion was the recommendation on the acceptability of
food irradiated up to an overall average dose of 10 kGy. This important recom-
mendation had been achieved at a recently convened Joint FAO/IAEA/WHO
Expert Committee on the Wholesomeness of Irradiated Foods (27 October —
3 November 1980, Geneva). The breakthrough on the toxicological acceptability
constitutes a firm basis for going ahead speedily with the development of
practical applications of food irradiation, which should take its rightful place
-among other food preservation methods in helping to provide more and better
food to a world in need. The sponsoring organizations hope that the publication
of these proceedings will encourage further research and development of food
irradiation to the benefit of mankind.

Sincere appreciation is expressed to the Government of Sri Lanka and to
the Chairman and staff of the Atomic Energy Authority. for acting as host to
the Symposium. Their co-operation, kindness and hospitality did much towards
ensuring the success of the meeting.

EDITORIAL NOTE

The papers and discussions have been edited by the editorial staff of the International
Atomic Energy Agency to the extent considered necessary for the reader’s assistance. The views
expressed and the general style adopted remain, however, the responsibility of the named authors
or participants. In addition, the views are not necessarily those of the governments of the
nominating Member States or of the nominating organizations.

Where papers have been incorporated into these Proceedings without resetting by the Agency,
this has been done with the knowledge of the authors and their government authorities, and their
cooperation is gratefully acknowledged. The Proceedings have been printed by composition
typing and photo-offset lithography. Within the limitations imposed by this method, every effort
has been made to maintain a high editorial standard, in particular to achieve, wherever practicable, -
consistency of units and symbols and conformity to the standards recommended by competent
international bodies.

The use in these Proceedings of particular designations of countries or territories does not
imply any judgement by the publisher, the IAEA, as to the legal status of such countries or
territories, of their authorities and institutions or of the delimitation of their boundaries.

The mention of specific companies or of their products or brand names does not imply any
endorsement or recommendation on the part of the IAFA.

Authors are themselves responsible for obtaining the necessary permission to reproduce
copyright material from other sources.
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EFFECT OF RADIATION AND HEAT
ON BACTERIAL SPORE DNA

N. GRECZ, G. BRUSZER, 1. AMIN
Microbial Biophysics Laboratory,
Biology Department, '
Illinois Institute of Technology,
Chicago, Illinois,

United States of America

Abstract

EFFECT OF RADIATION AND HEAT ON BACTERIAL SPORE DNA.

Mild irradiation (administered first) is known to sensitize bacterial spores to subsequent
heat injury. This project was concerned with the molecular changes underlying this type
of synergistic enhancement of lethal effect. Using the alkaline sucrose gradient sedimentation
technique it was found that ionizing radiation of 0.05—0.3 Mrad as well as heating at 90°C
for 10—30 min (applied individually) induced single-strand breaks in the [3H] DNA of spores
of B. subtilis 168 and C. botulinum 62A. In each case more DNA breaks were induced in
the more sensitive strain. Combination treatments of radiation (administered first) followed
by heating at 90°C showed a distinct synergistic enhancement effect in the observed number
of single-strand breaks in the spore [3H] DNA. Depending on the particular treatment
schedule, synergistic enhancement of DNA breakage reached up to 95%. The concurrent
synergism in the inactivation of spores of B. subtilis under the conditions of this project
was in excess of 500 000. It is clear that a combination of radiation and heat enhances both
DNA breakage and spore inactivation. It is proposed that synergism may be due to the fact
that lethal heat inactivates repair enzymes, while radiation sufficient to injure the spores
leaves these enzymes virtually unharmed.

1. INTRODUCTION

1.1. Background

A number of investigators since the early 1950's have
reported that relatively mild doses of ionizing radiation
sensitized bacterial spores (and many other micro-organisms,
as well as viruses) vary significantly to subsequent heat
{1,2}. Resistant spores, e.g. C. sporogenes were sensitized
to a greater degree (13-~fold) than heat sensitive spores,
e.g. B. subtilis (8-fold). These findings were confirmed
with spores of food-related organisms including C. botul}num
and C. perfringens and have engendered active interest in
combination processing using radiation and heat to eliminate
microorganisms from food products.



Table I :

Radiation induced DNA strand breakage and repair in bacterial
spores: Alkaline sucrose gradient sedimentation studies

Radiation Effect

Organism

Reference

Radiation induces SSB¥* in spores.

B. subtilis
(trp , arg’)

Tanoocka &
Sakakibara [16]

SSB can be rejoined, however,
after the spores germinate.

SSB rejoining is chloramphenicol -
insensitive, therefore due to pre-

existing spore enzymes.,

B. subtilis 168
ﬁhy_! trp-)

Tanooka & Terano
[17]

Terano, Tanooka &
Kadota [18]

‘T8 319 72349

SSB can be rejoined prior to germin-
ation in resistant 33A spores but
not in sensitive 51B spores.

C. botulinum 33A

C. botulinum 51B

Durban, Grecz &
Farkas [4]

Rejoining of SSB involves DNA-ligase C. botulinum 33A
since: oxiec SSB are not rejoined, NH

promotes rejoining, and Mg
for rejoining.

is required

C. botulinum 62A

J. Grice-PhD Thesis
[19]

El-Zawahry, Grice &
Grecz [20]

* SSB= single strand break (s) .
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1.2. Mechanism of action of heat and radiation

The mechanism of synergistic effect of radiation and
heat is not yet clear, but may perhaps be traced to the
basic biological modes of action of these two energies.
Heat intensifies the rotational, vibrational and translational
activity of molecules. This leads to configurational changes
causing activation of enzyme-substrate complexes or eventually
denaturation of enzymes, nucleic acids, etc. Heat levels of
concern in microbiology generate relatively weak forces
which influence the secondary and tertiary folding of
biopolymers but generally do not disturb the atomic structure.
The average quantum of a water particle at the highly lethal
temperature of 1210C is 8.7 X 10-2 eV, in contrast to some
1,000,000 eV carried by a quantum of ionizing radiation.
The energetic quanta of radiation cause the atoms to undergo
random ionizations and excitations in cell molecules as well
in the surrounding medium, especially water. The latter
causes the so-called indirect effects of radiation, which
involve chemical oxidations and reductions acting somewhat
like chemical poisons {2 }.

1.3. Role of DNA single strand breaks in radiation injury
of spores o

it is generally agreed that spore death from ionizing
radiation can be related to injury to nuclear DNA. DNA injury
has been extensively studied using the alkaline sucrose gradient
centrifugation technique introduced in 1966 by McGrath and
Williams { 3} which detects single strand breaks in the DNA.
The available information to-date on radiation induced DNA
breakage and DNA repair obtained from alkaline sucrose
gradient centrifugation studies is summarized in Table I.
From Table I it is clear that single strand breaks (SSB) are
induced by radiation and that these breaks are rejoined
immediately during or soon after irradiation. The evidence
indicates that SSB rejoining is accomplished by a DNA-ligase
However, we are careful to point out thazfzﬂé.alkaline sucrose
gradient technique detects only SSB, and this type of .data
do not rule out any other kind of damage either in the DNA,
the membrane or the ribosomes which may be part of the
radiation injury syndrome in spores.

1.4. Role of SSB in heat .injury of spores
Heat injury of spores has been variously attributed to:

i. denaturation of vital spore enzymes; and ii. damage to the
membrane resulting in leakage of cytoplasmic constituents



Table II

Evidence that heat induces DNA strand breakage in bacterial
spores: Alkaline sucrose gradient sedimentation studies

Effect of Heat
(90°C for 10-30 min)

Organism

Reference

Heat induces mutations in spores.

B. subtilis 168

Heat induces SSB* in vegetative cells

but not in spores.

Kadota, et al. [8]

Heat induces six to fifteen SSB in

spores.

B. subtilis 168
Twild type)

Grecz and Bruszer
[6] BBRC

‘832 ZDAYD

Heat induces SSB in spores of these

three organisms.

B. subtilis 168
_Tthy

C. botulinum 33A
C. botulinum 62A

Grecz, Bruszer and
Amin {10] SNL

2, 4- dinitrophenol blocks DNA

breakage.

B. subtilis 168
spores

R. Wild [21] in
progress

ATP has no effect on DNA breakage.

* SSB= single strand break (s])

B. subtilis 168
(spheroplasts)

J. Hartman (IIT)
in progress [22]
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especially Ca-DPA, increased sensitivity to inhibitory agents
such as sodium chloride, and finally structural damage seen
in the electron microscope as overt blistering and disruption
of the integrity of spore membrane {reviewed by 6}. Damage
to the spore chromosome has also been inferred from the -
occurrence of heritable mutations induced by either dry heat
{7 } or wet heat { 8}. It was postulated that heat modified
specific sites on the spore chromosome. So far however, in
other laboratories, no overt DNA strand breaks were detected
in spores although in vegetative cells heat injury invariably
induces single strand and double strand DNA breaks. Furthermore,
the cell's own apurinic acid endonuclease was implicated as
being responsible for the heat  induced DNA breakage in
vegetative cells {9 }.

We have conducted several experiments using spores of
four different organisms, two strains of Bacillus subtilis
and two strains of Clostridium botulinum. Special care
was taken that prior to heating the spores would mnot be
subjected to freezing, lyophilization or prolonged storage
and that spores would be harvested as soon as possible after.
sporulation since all these factors may affect the ability
to undergo DNA breakage. As summarized in Table IT, in
our hands lethal heat consistently induced DNA breaks in
these spores as detected by the alkaline sucrose gradient
technique. A greater extent of DNA breakage generally
correlates with greater spore inactiviation {6,10.}

1.5. Aim of this study

From Tables I and II it is clear that both, ‘radiation
and heat individually induce SSB in the spore DNA. In
this study it was our aim to investigate the combined
action of radiation and heat (applied in that order) with
respect to efficiency of DNA breakage. We attempted’
particularly to elucidate the molecular changes in DNA
which accompany the synergism in spore inactivation when
radiation-~plus-heat are applied as a combined process.

;7.. MATERIALS AND METHODS

2.1. Production of labeled spores

2.1.1. - Bacillus subtilis strain 168 (wild type)

‘Spores were labeled in Schaeffer's sporulétion broth
{11} supplemented with 2.5 uCi/ml methyl-{3y }-thymidine and



Table III

Inactivation of spores of Bacillus subtilis 168 (wild*type)
by radiation and heat singly or in combination.

Irradiation - Surviving Number of Spores per ml.
Dose No Heat 90°C for 10 min. 90°C for 30 min.
None © 1.60 x 108 1.50 x 108 2.80 x 106
0.05 Mrad’ . 3.85 x 107 ~ 2.95 x 107 3.20 x 10%
0.10 Mrad 2.70 x 107 3.00 x 107 1,00 x 10°

* Combination treatment-irradiation administered first followed by heating
within approximately 10 minutes.

01

‘T® 12 ZOIY4D
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3. RESULTS
3.1.1. Spore inactivation
Table IIT summarizes survival of tritium labeled

spores of Bacillus subtilis after exposure to radiation
and heat singly or in combination.

The initial spore count of 1.6 X 10° was reduced to

3.85 x 10’ and 2.7 x 107 respectively, by irradiation
doses of 0.05 and 0.1 Mrad. Therefore, the D - value for
these spores should be approximateiy 0.16 Mrad, i.e. this
strain is relatively sensitive to radiation compared with
C. botulipum strain 62A for which D,y = between 0.22 and
0.36 Mrad {15 }. Heat alone at 900C redgcgd the initial

1.6 x 108 spores to 1.5 x 108 and 2.8 x 10° after 10 min
and 30 min, .respectively. Heating of preirradiated spores
for 10 min at 90°C resulted in only slight, if any additional
spore inactivation, viz. from 3.85 x 10/ and 2.7 x 107 spores’
without heating to 2.95 x 107 and 3.0 x 107 spores after
heating. On the other hand, heating for 30 min reduced the
number of spores very substantially, viz. from 3.85 x 107

and 3.0 x 107 spores without heating to 3.2 x 10'and 1.0 x

10° when spores were preirradiated with 0.05 Mrad and 0.1
Mrad, respectively. It is.clear that preirradiation
increasingly sensitized these spores to subsequent heating,
although: the héating time at 90°C for effective inactivation
should be 30 min, not 10 min. '

3.1.2. Quantitative evaluation of the synergistic
enhancement of spore, inactivation by combinations of radiation
and heat

By definition, synergistic enhancement describes the
increase frequently observed in total effect when two or
more treatments are combined as opposed to the effect which
would be expected from a simple addition of individual
effects of the'same treatments but administered separately.
A quantitative evaluation of synergistic enhancement of
inactivation of B. subtilis spores by combined radiation
and heat treatment is presented in Table IV. The extent
of synergistic enhancement was evaluated by comparing the
actually observed decimal reduction in spore numbers by the
combined process vs. the expected reduction from simple
addition of the individual effects of the respective doses
of radiation or heat applied singly. 1In this sense,
heating for 10 min-after preirradiation to 0.05 Mrad
and 0.1 Mrad showed no synergism, while heating for 30 min
resulted in 16-fold and more than 500,000-fold enhancement
compared with the theoretically expected effect.



Table IV

Evaluation of synergistic effect due to combined action of radiation and
heat in terms of decimal reduction in spore numbers of B. subtilis 168

Decimal Reductions in Spore Numbers

Combined Effect Log Difference

Treatment Amount Single Simple Actually Due 1o '

Treatments Addition Observed Synergism
Radiation 0.05 Mrad 0.76
Heat 10 min/90°C  0.06 0.82 0.82 0.0
Radiation 0.05 Mrad 0.76
Heat 30 min/900C  1.82 2.58 3.80 1.22
Radiation 0.1 Mrad 0.83 -
Heat 10 min/909C 0.0 0.89 0.81 0.08
Radiation 0.1 Mrad 0.83
Heat 30 min/90°C  1.82 2.65 8.37 5.72

¢l

T8 32 ZOAUH
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FIG.1. Alkaline sucrose gradient sedimentation profiles of [3H] DNA from spores of

B. subtilis subjected to radiation and heat either singly or in combination. Treatments are
as follows:

A =untreated control; B=10min/90°C; C=30 mz’n/90°C,‘

A, =0.05 Mrad;, B;=0.05 Mrad + 10 min/90°C,' C;=0.05 Mrad + 30 min/90°C;

A, =0.1 Mrad; B, =0.1 Mrad + 10 min/90°C; C,=0.1 Mrad + 30 min/90°C.

3.2. DNA Dbreakage induced by combination treatments
3.2.1. DNA sedimentation profile-s

The shape of the sedimentation profiles in Fig. 1
provides certain clues as to the uniformity of DNA fragment
sizes, and the manner in which DNA is broken as the result
of radiation and heat treatment.

The DNA from non-irradiated, non-heated control spores
shown in frame A (Fig. 1) yielded a symmetrical bell~shaped
profile at a sedimentation distance of 14/30 from the
meniscus with a balanced distribution of DNA fragment sizes
between fractions 11/30 and 17/30. The DNA from spores
irradiated to 0.05 Mrad and 0.1 Mrad (Fig. 1, frames A and
Ay) sedimentated to a distance of 13/30 and 12/30, respectively.



Table V

Evaluation of synergistic effect due to combined action
of radiation and heat in terms of the number of single
strand breaks produced in the DNA of B. subtilis 168

Number 6f SSB* Produced'

% Difference

Treatment Amount Single Simple Actually

Treatment Addition Observed Due 1o

Synergism

Radiation 0.05 Mrad 0.37 :
Heat 10 min/90°C  5.75 6.12 7.16 17
Radiation 0.05 Mrad - 0.37
Heat 30 min/90°C  15.39 15.76 16.49 5
Radiation 0.1 Mrad 0.4s
Heat 10 min/90°C  5.75 6.20 11.46 85
Radiation 0.1 Mrad 0.45
Heat 30 min/90°C  15.39 15.84 29 .2k 85

*¥S8B= single strand break

or in combination.

(s) in the DNA due to radiation and heat singly

14!

T8 12 20349
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Although this is a relatively small change from the control
D = 14/30, the shape of the DNA sedimentation peaks after
irradiation has become exceedingly narrow and pointed
indicative of rather uniform populations of DNA fragments
in these peaks. The DNA from spores heated at 90°C for
10 min and 30 min (Fig. 1, frames B and C) sedimented to
a distance 7/30 and 5/30, respectively. This is a large
change from the control (D = 14/30) indicating that the
DNA is highly sensitivite to heating. In addition, the
sedimentation profiles revealed two distinct peaks
especially pronounced after 30 min (Fig. 1, frame C)
indicative of two distinct sub-populations of DNA
molecules in these peaks. The DNA from spores subjected
to combination treatments (Fig. 1, frames B C]-AND By CZ)
sedimented exceedingly slowly and the peaks became
progressively more narrow and pointed suggesting that the
DNA fragments consisted of uniformly small molecules
positioned at sedimentation distances of D = 6/30 to 4/30.

3.2.2. Quantitative evaluation of DNA breakage: B. subtilis

In spores of B. subtilis, radiation of 0.05 Mrad and
0.1 Mrad induced 0.37 SSB and 0.45 SSB per DNA fragment,
respectively (Table V). Heating at 900°C for 10 min and
30 min induced 5.75 SSB and 15.39 SSB, respectively. The
theoretical numbers of SSB expected from simple addition of
these individual effects of radiation or heat were
consistently smaller than the numbers of SSB actually induced
by applying a combination of these two treatments.
Irradiation to 0.05 Mrad prior to heating for 10 min and
30 min (90°C) resulted in 5-17% increase in the number of
SSB due to synergistic enhancement. On the other hand,
irradiation to 0.1 Mrad prior to heating for 10 min and
30 min (900C) resulted in both cases in 857 synergistic
enhancement.

3.2.3. Quantitative evaluation of DNA breakage: C. botulinum
62A / '

In order to sensitize the resistant C. botulinum 62A
spores to subsequent heating, radiation doses of 0.15 Mrad
and 0.3 Mrad were used in this experiment, instead of the
0.05 Mrad and 0.1 Mrad used with B. subtilis. Radiatiom
(alone) of 0.15 Mrad and 0.3 Mrad induced 0.18 SSB and 0.43
SSB per DNA fragment respectively (Table VI). Heating at
90°C alone for 10 min and 30 min, respectively induced 0.045
SSB and 0.22 SSB per DNA fragment. When spores were
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Table VI

Evaluation of synergistic effect due to combined action
of radiation and heat in terms of the number of single
strand breaks in the DNA of C. botulinum 62A

Number of SSB* Produced

Treatment Amount Single Simple Actually % Difference
Treatment Addition Observed Due 1o
Synergism
Radiati 0.15 Mrad 0.180 g
adiation . ra .
Heat 10 min/90°C 0.045 0.225 0'29 29 E
Radiation 0.15 Mrad 0.180 =
Heat 30 min/90°C  0.220 0.40 7-30 95
Radiation 0.3 Mrad 0.430
Heat 10 min/909¢  0.0k5 0.475 o.48 1
Radiation 0.3 Mrad O.Mjo
Heat 30 min/90°C  0.220 0.65 9.34 93

#*SSB= single strand breaks in the DNA due to radiation and heat singly or
in combination. ‘
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sensitized by radiation with 0.15 Mrad and 0.3 Mrad, the
increase in the number of S$SB due to synergistic enhancement
was 1-227% after 10 min of heating and 93-94% after 30 min of
heating. Clearly, the DNA of C. botulinum 62A spores had

a substantially higher resistance to radiation and heat than
the DNA of B. subtilis. However, in spite of this high
resistance, synergistic enhancement of DNA breakage by the
combined radiation and heat process could be consistently
demonstrated in these spores.

4. DISCUSSION

4.1. The molecular basis of combined action of radiation
and heat

Synergistic enhancement of spore inactivation by
combined treatment with radiation and heat (applied in that
respective order) is well known and has been amply
documented in the literature. However, enhancement of DNA
breakage by combination treatment with these two energies
has not been reported so far. This is perhaps the first
report linking the extent of DNA breakage in spores to
synergistic enhancement of spore inactivation by combined
radiation and heat process.

4.2. Relation between spore resistance and DNA breakage

The more resistant the spores the fewer the number of
DNA breaks they sustain from an identical dose of radiation
or heat. Graphical evaluation of our data suggests that
one Djy dose of radiation induces some 3 times fewer SSB
in the radiation resistant C. botulinum 62A (Dl = 0.23
Mrad; SSB = 0.19/DNA fragment) than in the radlatlon
sensitive B. subtilis (D 10 = (0,16 Mrad; S5B = 0.58/DNA
fragment). Similarly, the same amount of heat (10-30 min
at 909C) induced some 70-130 times fewer SSB in C. botulinum
62A spores. Combined radiation and heat treatment also
induced fewer SSB in C. botulinum, e.g., a maximum 9 SSB
compared with 29 SSB in B. subtilis.

4.3. Combined effect: the individual roles of radiation
and heat

Fig. 2 illustrates the general trends in spore DNA
breakage., Very small radiation doses (0.05 Mrad) as well
as very small doses of heat (10 min at 90°C) show :
essentially no synergistic enhancement of DNA breakage.
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FIG.2. Effect of radiation (administered prior to heating) on the extent of subsequent
heat injury of spore [3H] DNA of B. subtilis 168 (solid line) and C. botulinum 624
(dashed line).
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Synergistic enhancement of DNA breakage increased
dramatically with radiation doses of 0.1 Mrad or more and
with heating time of 30 min.

At low doses it appears that spore inactivation was
extremely sensitive to DNA breakage. Thus, in B. subtilis
a barely detectable 5% increase in the number of SSB due
to synergism between 0.05 Mrad and 30 min/90°C (Table V)
resulted in a 16-fold increase in spore inactivation
(Table 1IV).

4.4. Mechanisms of synergistic enhancement

The specific synergism between radiation and heat may
perhaps be rationalized on the basis of the differences in
the basic action of radiation and heat on the enzymes of
spores. The enzymes that may be important in this case are
~ DNA ligase(s) and endonuclease(s) { 4,9}. Radlation doses
of 0.05 Mrad to 0.3 Mrad such as used in this study do no
substantial harm to these enzymes. On the other hand,
heating at 90°C for 30 min would be expected to extensively
denature these enzymes, while 10 min heating may have
little or no effect. 7These considerations seem to agree
well with the actual observations in this study. However,
more work is needed to substantiate this idea.
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Abstract

REPAIR CAPACITY FOR DNA DEFECTS AND INACTIVATION OF MICROORGANISMS
DURING TREATMENT WITH RADIATION AND OTHER AGENTS.

The DNA can be considered as the main target of agents inactivating microorganisms.
Counteracting are enzymatic processes that repair the defects produced, thereby increasing
the survival of microorganisms. The proposed model is based on the hypothesis that only
a limited number of defects can be repaired in a given time with a low error rate. If agents
produce a higher number of defects, the fraction of not or incorrectly repaired defects
increases exponentially. In the case of ionizing radiations, the deposited energy determines
the number of DNA defects. Therefore, the effect has to be a linear/exponential function of
the local energy density. Results from research in molecular biology, radiation chemistry,
microdosimetry and computerized investigations of the biological evolution process are
used in developing and justifying the described approach. DNA defects occur spontaneously
with high frequency in living cells. They are repaired with the naturally occurring extremely
low error rate. Therefore, it seems justified to use the number of spontaneously occurring
DNS defects as an indicator for the capacity and effectiveness of the repair systems. For
low LET radiations it is shown that a dose-rate of 10% to 10° Gy/h is necessary to ensure
that the inactivation potential for microorganisms per unit of dose is completely used.

At lower dose-rates the inactivation effect becomes a function of the dose-rate. Different
low LET radiations may then show differing biological effectiveness. The synergistic effects
of ionizing radiations and other agents can be anticipated if the other égent produces the
same DNA defects as‘the radiation, or if it reduces the capacity and effectiveness of '
enzymatic mechanisms for the repair of the defects caused by radiation.

1. RADIOSENSITIVITY OF MICROORGANISMS

The radiation sensitivity of different types of microorganism, expressed
by the D, value, the absorbed dose required for the reduction of the number
of viable organisms by an order of magnitude, varies over a very wide range [1].
There are microorganisms like Pseudomornas aeruginosa for which Dy is
around a few 10 Gy while Clostridium botulinum needs about a hundredfold

21
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dose for the same reduction [2}. The D,, values for many RNA and DNA
viruses are even larger, up to another order of magnitude [3]. It is also well
known that the radiation sensitivity of different strains of the same type of
bacteria or yeast can vary by a factor of 4 and more. Finally, the environ-
mental conditions in which an irradiation experiment for studies in radiation
microbiology is performed, and the phase of the cell cycle frequently have a
substantial influence on the D,, value.

So far it has not been possible to establish any kind of correlation between
the radiation sensitivity of microorganisms and their sensitivity vis-a-vis other
agents and vice versa. On the contrary, some of the most radiation-resistant
microorganisms are readily inactivated by other means. But, for other agents
like heat or ethylene oxide, extensive quantifications of the microbicidal
effect, which would permit an exact comparison with the D, values for the
radiation action, do not yet exist.

The question for the reasons of the large variations in sensitivity vis-a-vis
toxic agents among microorganisms has already challenged several generations
of researchers. But so far no satisfactory answer to this question of theoretical
as well as practical importance could be given though microorganisms are
relatively simple biological structures.

2. THEORIES ON THE TRANSMUTATION OF RADIATION ENERGY
INTO BIOLOGICAL EFFECTS

2.1. Hit and target theory of radiation action

For the inactivation of microorganisms by radiation the first theoretical
approach was presented by Dessauer [4] and Crowther [5] more than 50 years
ago. Based on the stochastic distribution of energy deposition events, the
 different survival curves of microorganisms were explained either by the
number of hits needed in a sensitive target area for the inactivation, or by the -
number of target areas in the biological system which had to be hit by at
least one energy deposition event. Originally, very different conceptions
regarding the nature of the effective process existed, but it is now generally
accepted that the sensitive molecule responsible for the inactivation is the
nucleic acid. Attempts were also made to incorporate in the hit and target
theories the indirect effect of ionizing radiations by the diffusion of free
radicals, generated in the aqueous medium surrounding the important
biomolecules. Finally, alternative interpretations of these theories were
proposed in order to satisfy the need for a description of the complex kinetic
processes in living cells under the action of ionizing radiation [6].
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FIG.1. Average value of the specific energy per energy deposition event by 0o y-radiation
as a function of the diameter of a spherical volume [8].

Despite all these efforts, more and more results of experimental
investigation made it evident that the hit and target theories may eventually
meet the requirements of a model to explain the radiation action in such
simple organisms as viruses with single-stranded DNA. But the processes
affecting the dose-effect relationships in more complex organisms could not
be adequately described in this way.

2.2. Microdosimetric concepts and the theory of dual radiation action

Energy deposition events are characterized by stochastic distributions
not only in space but also in event size. They depend on the type of radiation
and its energy. Thus, the transmutation of radiation energy to a biomolecular
change, resulting for example in the inactivation of a microorganism, cannot

be described adequately by the absorbed dose which is the mean energy deposited

in a living organism. Of decisive importance is the microscopic energy
distribution within a microorganism, having dimensions between a fraction of
a micrometre (viruses) and somewhat more than 1 um (bacteria, e.g.
Escherichia coli). The energy absorbed in such a microscopic region is called
specific energy z.
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The quantity z has been defined by the ICRU as the energy dissipated in
a small volume divided by its mass [7]. As z is the random variable of the
absorbed dose D, its mean value is always equal to D. But the actual values
of z can vary from zero in microscopic regions in which no energy deposition
event takes place to values which are orders of magnitude greater than D. This
is illustrated by Fig.1, showing the average value of z per energy deposition
event as a function of the diameter of a spherical volume for the y-radiation
of °Co.

Probability distributions f(z,D) of the variations of z were determined
by microdosimetric techniques [8]. These investigations have then led to
the formalization of arguments, first presented in 1946 by Lea [9] and later
applied by Neary [10] to the analysis of chromosome aberrations, in the
theory of dual radiation action which was introduced in 1972 by Kellerer and
Rossi [11]. This theory proceeds from the hypothesis that the formation of
primary lesions is proportional to the square of z and that they arise from
the interaction of two sublesions which are produced in a quantity proportional
to z. The probability of the interaction of sublesions in the formation of a
primary lesion is a function of their distance and depends therefore not only
on the probability distribution of z but also on the geometric pattern of the
sensitive matrix in the microorganisms. This has been elaborated more recently
in a generalized formulation of the dual radiation action theory [12].

It has had remarkable success in explaining relationships between D and
a biological effect E of the form

E=aD + bD?

which have been observed in numerous experimental investigations. The
contribution of the linear term to E results from the co-operation of sublesions
produced in the track of a single particle while the quadratic term implies

the interaction of sublesions from the tracks of different particles. High doses
increase the probability of a microscopic region being hit by energy deposition
events of more than one particle. Even high dose-rates may be required for

the interaction of intertrack sublesions if they have only a limited lifetime.
Though the theory of dual radiation action hitherto represents the best approach
to the understanding of dose-effect relationships in radiation exposures and is
therefore generally accepted, it cannot be classified as satisfactory and complete
because the very nature of primary lesions and sublesions remains unspecified.
Indeed an attempt has been made to equate sublesions with single-strand

breaks of DNA molecules and primary lesions with double-strand breaks [13].
But there are strong arguments against this interpretation. The interpretation
of lesions as DNA strand breaks implicitly assumes the dependence of

radiation sensitivity on the concentration of DNA in a living cell. But a good
correlation between radiation sensitivity and DNA concentration does not
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exist. Moreover, viruses with only single-stranded DNA should be relatively
radiation-sensitive because in their case sublesions would become identical
with primary lesions. On the contrary, single-stranded nucleic acid viruses
belong to the most radiation-resistant microorganisms. Finally, it has been
proved more recently that there are repair mechanisms, even for double-strand
breaks in DNA molecules [ 14].

3. BIOLOGICAL EFFECTIVENESS OF RADIATION AND THE REPAIR
CAPACITY OF THE IRRADIATED SYSTEM

If DNA defects, caused by ionizing radiation, play an important role in
the reaction chain, leading to the manifestation of biological effects like the
inactivation of microorganisms, it is hard to understand on the one hand why
radiation should be effective at all and, on the other hand, why relatively high
doses are required to achieve the desired biological effect. Though these two
questions contradict one another, there is good reason for asking them both
at the same time.

To justify the second question first, one has to consider that an absorbed
radiation energy of only 10 mGy can already produce up to about S0 DNA
defects in a mammalian cell. This follows from the G values, given in the
literature for the different types of DNA defett, produced by radiation. This
is in accordance with the fact that the application of an absorbed dose of
10 mGy usually results in a multiple traversal of cells in the case of y-rays [15].
Even if one takes into account that cells of bacteria are considerably smaller
than mammalian cells and that their target mass, i.e. DNA content, are, for
example in the case of Escherichia coli, only about 0.1% the size in a human
cell [16], it is not sensible that absorbed energies of at least a few tens of
Greys are needed for reducing the number of viable organisms by just one
order of magnitude.

As for the first question, it is well established that DNA is a rather unstable
substance in an aqueous medium in which it is present in the cells. Defects
originate with high frequency spontaneously and the prevailing type of defects
are strand breaks [17] as they are produced by radiation. This similarity of
spontaneous and radiation-induced defects is not surprising. Investigations in
radiation chemistry have in many cases confirmed that the energy supply by
radiation causes by preference the weakest bonds to break first. Undoubtedly
these are the chemical bonds which most likely disintegrate spontaneously.

In DNA the weakest bonds are particularly endangered by energy deposition
events of radiation because the energy transfer, playing an important role in
many radiolytic reactions, is very marked in this biomolecule: energy can migrate
along the chain over distances of up to some 10 nm. '
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Thus, why is ionizing radiation biologically effective at all if DNA molecules
are the main target? Is it necessary to resort to the ad-hoc hypothesis that
radiation produces some not yet discovered changes in the DNA? Oris it
just that the capacity of living cells to repair DNA defects is the key to the
understanding of biological radiation effects?

3.1. Hypothesis of a limited capacity for the repair of DNA defects

The large number of DNA defects, occurring during the lifetime of a
cell, makes their repair a necessity. The mechanisms putting through the
repair must be very efficacious and reliable because otherwise the cells themselves
and the whole species could not survive. In the various, rather complex repair
processes at least some of the enzymes are involved which are also needed for
the synthesis of new DNA during the cell cycle [18]. Without going into the
details of these processes, attention must be drawn to the fact that the repair
of DNA defects necessarily requires time and energy.

On account of these requirements it can be expected that only a limited
repair capacity for DNA defects is available. Such a limitation also makes
allowance for the survival as well as the evolution of a species [19]. If too
large a fraction of the DNA defects, occurring under normal environmental
conditions during the generation time, is not correctly eliminated the
resulting large number of mutations could drastically reduce the chances for
the survival of such a species. An overcapacity of the repair systems could
on the other hand have the same effect because it would render the further
development of a species, and with that the adaptation to changing living
conditions, more difficult.

Thus, the apparent contradiction, explained before, can be solved —
ionizing radiation is so relatively inefficient, measured by the number of
DNA defects generated, because a large part of them is correctly repaired.

It is only efficient if the number of present defects which ought to be repaired
exceeds the capacity of the responsible systems. From this follows that

it is not the yield of DNA defects that is the crucial factor for the biological
effectiveness of a radiation exposure, but the repair capacity of the irradiated
biological system. Differences in radiosensitivity among types of micro-
oranism or among strains of the same type are mainly due to differences of
their repair capacity.

Similar ideas have been put forward repeatedly. Hug and Kellerer [6]
assumed that z has to pass'a threshold value that a radiation effect happens.
Another proposal of this kind was presented by Haynes [20] to explain
survival curves of irradiated microorganisms, suggesting a saturation value of
the number of repaired DNA defects at high doses of high-energy radiation
or ultra-violet light. More recently Goodhead et al. [21] discussed the
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possibility of a decreasing effectiveness of the repair mechanisms with increasing
dose. But there has been no follow-up of such ideas. This may be due to the lack
of sufficient quantitative data regarding, for example, the lifetime of certain

DNA defects, the number of enzyme molecules available for repair activities

etc. Experimental skill and imagination are certainly important prerequisites

in developing methods for the quantitative determination of such properties

of cells. But it seems that so far serious efforts have not been made to gain
quantitative knowledge about the repair because the primary interest has been
focused on energy deposition events by radiation and the immediate consequences,
but not on the repair capacity.

3.2. Assessment of the required production rate of DNA defects

Thus, the repair capacity of cells and the function of z by which the
biological effect of a radiation exposure can be described, are not directly
accessible. In view of the fact that many biological effects, E, show a linear/
exponential, particularly a linear/quadratic, dependence on the absorbed
radiation dose D, and that z is the random variable of D, it seems reasonable
to introduce for the effect E; in a microscopic region a relation of the type

- n
E,=a,z+b,z

as a working hypothesis, in which a, and b, are constants. The exponent n
could be a function of z with a numerical value >>1. The exponential term
is only of importance for values of z, resulting in a number of DNA defects,
exceeding the capacity of the repair mechanisms. At lower values of z, E,
is primarily determined by the first term. It means that the fraction of
unrepaired or incorrectly repaired DNA defects equals the fraction of
unrepaired or incorrectly repaired spontaneous defects. Nevertheless, the
absolute number of unrepaired or incorrectly repaired DNA defects is
increased by a radiation exposure because it augments the absolute number
of DNA defects.

Despite the lack of precise data orn the repair capacity of cells it is
possible to derive a first rough estimate from some basic considerations.
Figure 2 shows for %°Co ry-radiation the probability that the specific energy,
deposited in 1 or 2 events, is less than a certain value in a spherical volume
which can be taken as representative, at least for many types of bacteria.
For about 80% of the events z has a value of less than 0.02 Gy. Such events
cause only around one DNA defect. This is certainly within the range of the
capacity of the repair mechanisms. Taking into consideration the fact that
the spontaneously occurring DNA defects will have a stochastic distribution,
there has to be enough capacity for the repair of at least several defects
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FIG.2. Probability function of z for 1 and 2 energy deposition events by @ vy-radiation,
occurring in a spherical volume with a diameter of 2 um [8].

simultaneously. Only for the very rare events in which the value of z is very
much higher than 0.02 Gy, is there a chance that the number of produced
defects exceeds the repair capacity and that radiation becomes really
effective in inactivating microorganisms.

The necessary value of z can be reached not only in the rare cases in
which a single event deposits a large enough amount of energy. Multiple
events can together produce a number of DNA defects in a microorganism
which exceeds the repair capacity. The curve for two events in Fig.2 shows
already the increase in the probability of higher z values though this increase
is not yet very substantial. The summing up of the z values of multiple
energy deposition events obviously implies a small enough time interval
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between them. Otherwise the DNA defects, produced at the beginning of
the radiation exposure, are already eliminated and the part of the repair
system, originally occupied with their removal, is again available for the
correction of newly created defects. Thus, the value of z, integrated over an
appropriate time interval, has to be used in the formula given before as far as
multiple events are concerned.

As already mentioned, there are insufficient data regarding the half-life
of DNA defects, which may vary between around several minutes [22] and
a few hours [23], probably depending on the type of defects and the
complexity of the enzymatic processes involved. Anyhow, it seems that
dose-rates well above 10 mGy/min are required for a production rate of DNA
defects in microorganisms which exceeds the repair capacity and thus makes
low LET radiation to an effective microbicidal agent. At a dose-rate of
10 mGy/min of ¢°Co ~-radiation 0.66 energy deposition events take place
in a microorganism like Escherichia coli which can be modelled approximately
by a sphere with a diameter of 2 um.

This rough estimate is supported by the conclusion which has been
drawn from numerous experimental investigations in radiation biology that
the effectiveness of low LET radiation, which is exclusively used in radiation
processing, does not depend on dose-rate above several Gy/min [24]. At
lower dose-rates the biological effects of low LET radiation per unit of absorbed
dose decrease. They decline to a level at which no dose-rate effects have been
observed. This constant level is reached at about 1073 Gy/min.

3.3. Availability of energy and building material for repair processes

The repair of DNA defects also implies the availability of a sufficient
amount of energy and building material for the reconstruction of damaged
parts of the DNA chain. Without such supplies the repair mechanisms cannot
display their full capacity. As environmental conditions and parameters
determine the availability of energy and building material, their influence on
the radiation sensitivity of microorganisms has to be expected.

In the case of microorganisms like bacteria the supply of energy and
building material proceeds through the cell membrane which is primarily
composed of proteins and lipids. In the presence of oxygen irradiated lipids
have a high capacity for reaction. Peroxides are formed with G values up
to 10%, indicating a chain reaction. Thus, the properties of the membranes
may change. As they are part of the osmotic barrier of the cell and as they
contain many of the enzyme systems concerned with the energy metabolism,
the transport conditions through the membrane, as well as the availability of
energy, can change as a result of the radiation-induced reactions of the
membrane lipids.
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It is well known that the presence of oxygen enhances the biological
effect of radiation exposures. This means that, for the model of radiation
action presented here, the oxidation of the membrane lipids reduces the supply
of energy and building material for the activity of the repair systems. Thus,
oxygen exhibits a truly synergistic effect. However, in radiation processing
of food as well as in other applications, using the microbicidal effect of
radiation, it is not recognized as a separate factor because the presence of
oxygen during the treatment is usually not excluded.

4. APPLICATION OF THE THEORETICAL BACKGROUND TO
FOOD PROCESSING

4.1. Temperature and dose-rate effects

Much of the data on food irradiation which have been published, especially
with regard to the necessary absorbed dose, are in poor agreement. The
presented model points to some possible reasons for the variations. The
induction of repair activities, for example, may be temperature dependent.

This can be a factor influencing the radiation effect per unit of absorbed dose.
Likewise the temperature dependence of the doubling time of micro-
organisms has to be considered a factor of relevance for the radiation sensitivity

of microorganisms — if enzymes, taking part in the replication of DNA as
well as in the repair of DNA defects, are more frequently needed in the
replication process, they are not available for repair processes. Therefore, the
radiation sensitivity varies systematically during the various phases of the
reproduction cycle that has been proved in experiments with synchronized
organisms.

Many investigations in the field of food irradiation have been and are
carried out, using y-irradiators with relatively low source activities. It must
be checked that the dose-rate in such experiments does not fall short of the
limit of several Gy/min below which the biological effectiveness may already
be reduced when compared with experiments at higher dose-rates. At the
same time the yield of chemical changes per unit of absorbed dose may
remain unchanged or may even increase with decreasing dose-rate for chain
reactions which are to be expected, for example, in the oxidation of fat .
components of the irradiated food.

But even in commercial food irradiation plants, using radioactive sources,
the dose-rate can be far below several Gy/min in those parts of the irradiated
product which are far away from the source positions. This has to be considered
especially in recently designed pallet irradiators for the treatment of high
density products. Though finally a satisfactory dose homogeneity within the
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whole irradiated product is achieved when the partial doses, received in each
position by each part of the product, are summed up, the dose-rates to which
the product is exposed during the process will vary over several orders of
magnitude. It then depends primarily on the used source strength what fraction
of the dose is absorbed at dose-rates for which the biological effectiveness of the
radiation is substantially smaller than the maximum value.

In many applications a higher integrated absorbed dose by which the loss
in effectiveness per dose unit can be compensated, will be tolerable from the
standpoint of the organoleptic properties of the irradiated food and its
wholesomeness. But any increase of the total dose adds necessarily to the
cost of the radiation treatment because the real efficiency of the irradiation
facility falls behind the calculated physical efficiency of the utilization of the
radiation energy.

Moreover, the necessary increase of the integrated dose to achieve the
desired microbicidal effect can be even larger than expected from the foregoing
discussion. There are indications that at least in some organisms a pre-irradiation
with very low dose-rates has a stimulating effect on the activity of the repair
mechanisms. Thereby, the radiation resistance can be increased substantially
in those parts of products which, at the beginning of the irradiation treatment,
are exposed to very low dose-rates. One has to be at least aware of such
possible complications which are becoming of practical importance, at least
partly, with the introduction of a new generation of y-irradiation facilities,
so as to avoid any later disappointment, then being prejudicial to food
irradiation on the whole.

4.2. Synergistic effects

A basis for the understanding of synergistic effects, exhibited by an
increase of the temperature at which the radiation treatment is performed,
has already been discussed. But, also a synergistic effect by cooling the
irradiated product can be anticipated. Repair processes in cells should depend
on the diffusion of molecules in the cell matrix. Diffusion constants, however,
decrease rapidly with temperature. Thus, there may be an enhancement of
the microbicidal effectiveness of radiation per dose unit at higher as well as at
lower temperatures for quite different reasons. Though this is rather speculative
at present because of the lack of systematic data on the temperature dependence
of the radiation sensitivity of microorganisms, it may be worthwhile investigating
this parameter because microorganisms seem to be least radiation-sensitive at
normal temperature. This would square, however, with the justifications of the
presented model of radiation action, which includes the assumption of an
optimal adaptation of organisms to normal environmental living conditions.
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For synergistic actions of radiation and chemicals it is much more difficult
to develop any specific idea regarding the potential mechanism because the
way of action of chemicals on microorganisms is hitherto largely unexplored,
especially in comparison with the existing knowledge about the radiation
effects despite many gaps. Only oxygen is an exception. Its enhancement
of the radiation effect has already been discussed. For all other chemicals it is
only possible to make a general statement within the framework of the presented
theory — synergistic effects with radiation can be anticipated if the chemical
produces: (i) DNA defects which have to be repaired by those enzymes, needed
also for the repair of defects created by energy deposition events of radiation;
(ii) reduces the capacity and effectiveness of the repair mechanisms by
attacking the enzymes, by preventing their production and/or by blocking the
energy supply. In any of these cases the chemical lowers the critical value
of z beyond which the rate of DNA defects increases — produced by
radiation — exceeds the repair capacity and the fraction of not or incorrectly
repaired DNA defects. This increase is considered as a precondition for the
inactivation of microorganisms. If none of these conditions is fulfilled the
combined effect of a chemical and of radiation can only be additive.

The theory of radiation action, presented here, points out numerous
directions for further research which may be useful for the better understanding
of processes applying the microbicidal action of radiation and other agents.

But it may have an additional beneficial effect towards the acceptance of
radiation processing. Originally this theory was developed to explain dose-effect
relationships of different types of radiation at the extremely low doses and
dose-rates of relevance in radiation protection. In this context the mutagenic
and carcinogenic effects of radiation are of primary interest. For the types of
low LET radiation, used in radiation processing, the theory confirms what
has already been found in numerous experimental investigations — actual
radiation protection measures are based on a substantial overestimation of the
risk of radiation exposures. This may contribute to the removal of remaining
prejudices and anxieties with regard to the large-scale application of radiation
as a processing tool in the food industry as well as in other fields.
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Abstract

SENSITIZATION OF MICROORGANISMS AND ENZYMES BY RADIATION-INDUCED
SELECTIVE INORGANIC RADICAL ANIONS,
Bacterial survival and enzymatic inactivation were examined following exposure to
- radiolytically-generated radical anions, X;, where X = Cl, Br, I, or CNS", Depending on pH,
radical anions react sefectively or specifically with cysteine, tryptophan, tyrosine and histidine.
Consequently, when one or more of these amino acids is crucial for enzymatic activity or
bacterial survival and is attacked by a radical anion, a high degree or radiosensitization may be
realized. Halide radical anions can form free chlorine, bromine or iodine. However, these
bactericidal halogens are destroyed by reaction with the hydrated electron, e;q, or at pHs> 9,
as occurs, for example, when a medium saturated with nitrous oxide, N,O, and e;q scavenger,
is replaced by nitrogen or oxygen. Increasing concentration of other e;q scavengers, such as
phosphate buffer, promotes formation of halogen from halides. The conditions producing formation
and elimination of halogens in irradiated media must be appreciated to avoid confusing radiosensiti-
zation by X,to X;. Radiosensitization by radical anions of several microorganisms: S. faecalis,
S. typhimurium, E. coli, and M. radiodurens is described. A crucial amino acid for survival of
§. faecalis appears to be tyrosine, while both tyrosine and tryptophan seem essential for
recovery of S. typhimurium from effects of ionizing radiation. It is postulated that the radio-
sensitizing action of radical anions involves inhibition of DNA repair of strand-breaks by
depriving the cells of energy. In view of the high OH scavenging power of foods, it is concluded
that the radiosensitization of bacteria and enzymes in foods by radical anions, except for
special cases, is not practical. Rather, radical anions serve to identify crucial amino acids to
‘radiosensitization mechanisms in model systems, and possibly in radiotherapy.
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1. INTRODUCTION

Radiosensitizérs are substances or physical processes
which increase a given effect of radiation on an irradiated
system [1-5]. In the field of food irradiation, radio-
sensitization can, in principle, reduce the dose of radiation
necessary to inactivate enzymes or reduce bacterial Tevels.
Consequently, the cellular integrity of food and its organo-
leptic properties may be retained. However, since food con-
sists of a large number of molecules capable of scavenging a
variety of free radicals, or of reacting chemically with added
chemicals or their radiolytic products, the radiosensitivity
of microorganisms is influenced by the nature of the food
itself [2]. It is likely that chemical radiosensitization
would be less efficient than the combined application of
‘radiation with physical processes such as heat and cold.

A new approach to radiosensitization was accidentally
discovered by Adams and co-workers [3] in 1969 when it was
shown.that some inorganic free radicals such as (CNS)E, Bré,
and Ié, unlike the OH radical, react specifically or
selectively, depending on pH, with a small number of amino
acids crucial to the activity of many enzymes. This
phenomenon is similar to classical methods of enzyme chemistry
used to jdentify essential amino acids by reagents which
attack specific functional groups. Aside from enzymes, we have
tested radiosensitization effects of radical anions on micro-
organisms, generally in model systems [6,7]. These in-
vestigations serve to identify those amino acids crucial to
the activity of enzymes and the survival of the microorganisms
and to suggest mechanisms by which radiosensitization is
achieved.

Caution must be exercised in experimental studies of
radiosensitization otherwise false conclusions may be
reached. For example, ‘medium" or "after effects" must always
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TABLE I
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Time (8)

Process occurring

Physical stage
]0_"
10-16—10-V
101
lo—l‘

10—

10-11

Chemical stage
< 10-1

1071

<1077
10-7
103

1
1-10°

Biological stage
Hours
Days
~ 1 month
Several months
Years

Fast particle traverses small atom
Tonization: H,0 vwW—H,0* + ¢~
Electronic excitation H,0 v~ H,0*

Ion-molecule reactions, e.g., H,0* + H,O - 'OH + H,0*

Molecular vibrations — dissociation of excited states:

H,0*-+H' + 'OH

Rotational relation, hydration of ions e~ — ¢

Reactions of e~ before hydration. with reactive solutes at high concentra-

tion

Reaction of e, and other radicals with reactive solute
(concentration ~ 1 mol - dm~?)

Reactions in spur

Homogeneous distribution of radicals

Reaction of e;, and other radicals with reactive solute
(concentration ~ 10~7 mol - dm~3, i.e., ~ 0.01 ppm)
Free-radical reactions largely complete

Biochemical processes

Cell division affected in prokaryotic and eukaryotic cells

Damage to CNS and Gl tract evident

Haemopoietic death

Late kidney damage, lung fibrosis
Carcinogenesis and genetic death

4From G.E. Adams [9].

RADICAL AND MOLECULAR PRODUCT YIELDS IN IRRADIATED
WATER (pH 3-13) FOLLOWING ABSORPTION OF GAMMA OR FAST

T

ABLE II

ELECTRONS (0.1-2.0MeV)

H,0,

Geaq

OH

HO

4.08 0.45

0.68

2.63

0.55

2.72

-0.01























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































