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Introduction
Certaln advantages present themselves in working with mlcroorganisms
in investigatlons of mechanisms medlating radiation effects, chief among whlch

’

are that (1) enormous numbers of individuals;mqy be used in single experiments’

thus giving immediate statistical advantage, and (2) the physical), physiological

and blochemlcal condltlons are less compllcated than in higher forms, and mqy

be more readily controlled experlmentalLy. Most studles of the effects of

rrdiation‘on bacteria have centered on lethal actions sinee changes -in numbere
of viable organisms are in generel readily dete?mined by standard bacterio-
loglcal technlques.

© In 1930 Wyckoff (1, 2, 3) proposed, from the slopes of survival curves

obtained with Escherichia coli subjected to irradiation with cathode rays and

x-reys of various wave lengths, that a single event process in each bacterial

cell was responsible for death of the bacterium,  This interpretation of the

'exponentlal survival curves obtained in irradiation experiments was more

pre01sely developed into the target hypothe51s by Lea, Haines and Coulson (4)
in 1936, They presented. theoretlcal and experimental evidence for the so-
ealled'target theory mechanism of action of ionizing radiations in producing
lethal effects: in bacteris, 'The target theory was subsequently discuseed |
further by others (see for-example Timofeef-Ressovsky (5)) and perhebs'most

completely expounded by Lea in 1946 (6). .
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Thls theosy, in the. one-hlt form, postulates a speclally sensitive and
' strateglc volume or site withln the protoplasm of the cell in w£1ch, or 1n the
immediate vicinity of which a single event-wusually assumed to be an
-1onlzat10n-—will produce death of the individual cell - Such a flrst order
reactlon nmechanism leads qulte naturally to the exponentlal surv1val curves
which are-obta%ned in lethality experiments with ionizing radiations on
bacteria, Lea (6) examined fesorteé.deviations from exponential survival,
and presented arguments for their being artifacts due to various technical
phenomena which may occur‘in‘the conduct of such experiments. -Ihe target
theory aay.be generalized to include the necessity of mulfiple.hifs in a
target multlple targets, spread of effect on an ionization, uncertain target
boundaries, and other factors which alter the results to be expected on the ,
basis of a single target~=31ng1e hit mechanlsm (see Lea (6) for general dlS°
cussion of these various aspects of the target theory)°

. Indlrect actlon on the bacterial cell by way of active radicals aﬁd

hydrogen peroxide resulting from ionization of water (7) has seemed to be-

unimportant in the killing of E, coli since survival curves are exponential

and coﬁcentratien of organisms has been reported not to alter the effectiveness

of ifradiatibn (6);Q:However, the importance of these indirect actions in-
produciqg‘changesrih enzymes.in vitro (8, 9), would suggestfon general grounds
tae possibility that they might act to modify ﬁhe single hit mechanisms,

When Witkin in 1946 (10) described a naturally occurring radiation

resistant mitant. strain B/r of the colon bacillus Escherichia coli strain B;

it seemed desirable to examine these two closely re;ated baéteria with regard
to theanature of the altered ;adiation sensitivity and thus perhaps gain
vadditional’insight into the mechanism of the radiation effects,

This paper deals with iethality studies on strains B and B/r irfadiated

with x-rays, deuterons, and alpha particles,

‘
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Methods v S I {
. ‘ Bacteriological
Agar slant cultures of strains B and B/r were kindly supplied.by.'

Dr. Witkin, In all of the experiments reported here the organisms were S

" handled in the following menner: sixteen to twenty-four hour aerated broth

cuitures wefe grown to their maximum titers of approximately 2 x I09 and 109
bacteria per cubic centimeter for B and B/r respectlvely, these were centri-
fuged and the organisms resuspended in an aqueous solution contalnlng

0.1% NH,C1, 0,6% anhiydrous NaHPO, ;- 0,02% MgSOA, and 0,05% NaCl; the S
resuspension titers Were-adjusted to about lOlQ'orgaﬁisms per cubic centiw

meter; these preparatiéhs were kept at'refrigerator temperature and used for.

'periods”of from two to six weeks without noticeable change except for a

small initial fall in titer,

For.irradiatien, 0.002 ml of an appropriate dilution of the-
refrlgerator suspen51on was loaded by means of a micropipette onto the surface
of a small block of agar measuring 3 mm on each side, All 1rrad1atlon pro-
cedures were carried out with such agar block preparatdops. After exposure

each block was dropped into a test tube containing an appropriate quantity‘of'

‘the salt solution mentioned above, shaken well, and 0.1 ml quantities'ﬁdpetted

. onto the surface of nutrient agar plates (in Petri dishes) and smeared evenly

with a bent glass rod. The plates were 1ncubated at 37° C, for 16 to 18 hours,
and counts made of the colonies, Determlnatlons of survival fractions were made
byvcomparing fhe counts‘with £hese from control blocks handled in the same way"
but not irradiated, The assumptlons were made that each colony represented a
single surv1v1ng organism and that all survivors appeared as v131ble colonles°
The accuracy of the block technique itself determlned by repeated runs without

irrediation was within 5%,
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X=rays

Experiﬁental procedure

| ‘The 200 KV x-ray: used were generated byva “Meximar 220 Therapy Uﬁlt",
manufactured by the General Electric X-ray Corp;, operated at 200 XVP and
l5 hao In'ﬁoetvinstances 1 mm Al filtration was used in addition to the

inherent filtration of the machine, Doses in r were measured with a Victoreen

1

" thimble chamber.,

In the majority of experlments 2 to 4 agar blocks were placed in a
cylindrlcal capsule made of lucite, The diameter of the cepsule was 2,5 cm,
the height 3 cm, the wall thlckness 1.5 mm, the top thlckness 1.5 mm and the
bottom thlckness 9 mm, Several arrangements were used durlng 1rrad1atlon

I, 6 te 12 capsules containing agar blocks were placed in a tlght
circle on.a 2 mm thicklplastlc shelf at a distance of 17 cm f?om.the anode,

Doses were measured continuoﬁsLy during exposure by a,fhimble chamber which

\‘emerged}vertieally through a hele in the shelf at the center of the circle

ana which, K was located atvthe same dletance es the blocks, Thls chamber was
connected to en "Integron" from which dose was read; | »

_Il, a8 smell circle of blocks was placed on the shelf without capsules,
Deées were measured in the same ﬁanner as in I; | |

III. a circle of blocks was placed on a 2 mm thick plastic platform

‘ 30 cm distant from the anode, The platform was eupported by a ﬁhin metal rack

and;rotated at 1 ropom, with aﬁ electric motor during exposure, Doses were
determlned by measuring the dose rate Wlth a Vlctoreen thlmble chamber in the
p031t10n of the blocks and. tlmlng the exposures w1th a stop Watch°

lVo same as I1IT except that blocks were placed 1n31de capsules,

In order to test the 1mportance of radiation contrlbuted by beckscatter

i

from the agar blockss as discussed in the next sectlon on dosage9 experlments

g

R
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V.. & c1rcle of blocks was supported'on a O 25 mm thlck sheet of lucite

.
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le com dlstant from the 1 mm Al filter (25 cm from anode) | The lu01te sheet
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)15 cm 1n dlameter was cemented at its perlphery to a suppox 1ng luclte ring to

[ S Lon b Lot
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Lo teedia

- whlch a long luc1te handle was attached ThlS was held by a clamp and a ring

PN
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stand 2 feet above the floor and away from other o‘bgects° Doses were measured

A T T LIV N to DR

as in III:

e - ot P - L}
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VI._ s1m11ar to V except that agar blocks were placed in a small snug

J [ we .

lacunae 1n a more exten31ve mass of agar held on fhe thin plastlc sheet so

e J .1 Sh
N 4 ._1_ i

'that the bacterla were surrounded in all dlrectlons by at least 3 mm of agar,

..... N “ I . '1\‘ \. ,7 . 4

In order tc 1rrad1ate organlsms in atmospheres of gasses other than

.- “
LIRS B S il ' .

alr, agar blocks were put 1nto capsules as descrlbed prev1ously° The cap~-

<y
CLoea

sule however now had a small hole drllled in the s1de wall, This was

closed w1th a small but tlghtly flttlng vial type rubber stopper° The

&

de31red gas was led from & tank 1nto the capsule by means of a hypodermic

-
- ‘ A'~.I.

needle pler01ng the v1a1 capob A second needle served as outlet, and the

gas was flushed through the capsuleoy When the needles were removed the gas

tlght capsule was convenlently handled and irradiated,

T .

Dosage
) When a_beam of x-rays enters an absorbing medium, e. g. water or tissue,
hhe densitvvof loniéehion increases‘until a depth in the medium--the transi-
tion thickness=-is equal approximesely to the maximun range of secondanv
electrons in the .medium (11).. “With-the.x-rays used in these experiments,
where the maximum photon energy is 200 KeV and the photon energy emitted in
gresteSt intensitv is approXimately 100 KeV (A= 0,125 R), about 98% of the
energy of secondary electrons belongs to-Compton-recoil electrons with maximum

and mean energy equal approximately 87 KeV and 43 KeV respectively.' The maxi=

mum range of these 87 KeV secondaries in water is about 100p. (6) Hence radiative

\
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equilibrium is reached after a thickﬁess of 100p of agar or tissue is
traversed by the beam, and tﬁe dose, D, in rep*'neceived by organisms*eia
posed'under_such'a layer will bevnumerically equal. to Dr where Dr.is the -
dose in r’measured in air with the thimble chamber, This is true since at
this point the factor.773, which is the density ratio of tissue and air,
comes into full play,-'Howevef in the caée where bacteria are spread on
ithe face of an agar.block,~and ﬁhen there is no thickness of agar or lucite
above them or gdjécept filter in which secOndaries aré generated, Dre
might be expeCtedvto Be\somewhaﬁ lower than Dr since the width of each
bacferium_is of the order of O,5u ==a small fraction of the transition
thickness° This complication.in the dosimetry of the problems.turns_out
to belfortuitbusly negligible as ﬁill be seen from the.results'of
‘experiments employing érrangements v, Vi, ViI and VIII (see Results);

'ana thié mist be interpreted to mean.that‘thé backscatter from the agar
block is not negligibie as has been suggested (13), but.indeea is so great
as to put the surface effectively beyond the transition thickness, and

justify the relationship D_

rep = pr in all of the experimental arrangements

previously described,

The other form of dqse which has been calculated from Dr is the

actual energy sbsorption in the bacterial cell _ |

E, = 723.0r x 32,5 x10712. oy /3
4.8 x 10710 .

where 10”12 is the number of cm’ / u3, 32,5 is the number of electron volts

required to produce an ion pair, and 4.8 10710 is the electronic charge in

€,5,Q,

% 1 rep = 83 ergs/gm (12),

\

o
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. Deuterons . o

Experimental Procedure

The deuteroﬁs were accelerated in thé Universitﬁ of Califofnia
184 inch qyclotronfto an eﬁergy of 190 MeV."The particleSApéssed throug?
. an evacuated tube, having deen defiected out‘éf.the aéceler;tiOn‘qhamer,
and émerged-thfough.an.Al foil window into the air as a collimated beam,
Physical measurements of the beah were made with ionization chambers. and a’

i Faraday'cage, as described by Tobias ei al (14, 15), The energy of'the
- particies to be used for bombardment was readily varied by intrbduciﬁg
laluminum absbrbers intb-the beam in front of the pregaration to be ir—j
. radiated, Deutemns corresponding fo'two portions of the Bragg curve Weré
. chosen for these experiments., The initial flat-portion of the curve,
. spoken of in this paper as point A, was represenfed by the unfiltered
190 MéV'particle beam; and the peak of the curve, spoken of as point C, h
. was represented b& the deuteydn_bgam emerging from a thickness of alﬁminum.
(approximately 6,4 cm) such that the aeﬁsity of ionizgtioﬁ produced in air
was at a maximum, The average energy of the pérticles at point C was
26 MeV (14)., In this way.particles with the greatest‘differencé.in
specific ionization were sélécted in order tq compare their'reiative
-effectiveness in killing the two strains of bacteria, .-

The organisms were exposéd on the surface of émall agar'blocks

as in the x»fay exﬁerimenté, In this case, however, 6 to lé blocks were
placéd in a circlé of outside radius i/2 or 3/4 inch ih a shalioﬁ lucite-
'carsulé; The ingide diametéf of the capsulé was 2,5 cm and its ﬁe?ght I'
2.2 mm, The.tap'and bbftom'wére each 0,6 mm in,thickné?s. During

»irradiatibnlthe capsule was centered in the beam and rotated at 4 r.p.m.

1N
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" by méans of a small eleétric ﬁopor to aésure:equal dosage té all of the
| blocks. ' B B - |

The dose, D in'fep, was given by the amoun£ of ionization in an
accurately known volume of air in»thé monitof éhaxﬂber° Ndw the énergy

loss in air of a 190 MeV deuteron, that is at Point A, is

a(-E) e =827x10% V/em  (16).
-and sinée at the peak .of the Bragglcurve, poinf C where the low energy
irfadiétion was carried out, “he 60% of the beam particles which remain
’(14) produ¢e 3.7 times a: much' ionization per cm’® air as at point A
(where'3;7'is tbe average iénization ratio ébtained at points C and A
iﬁ these experiments) the avérage‘energy ioss per.déuteron in air at

point- C is given by

(;}gg_) = 37 x -(;,gg ) - 5,10 x 10% eV/cm,
ol " & air 06, |, \7ax ) air

From the above considerations, it is evident that the' number of deuterons

passing through each cm® of the sample, N, is given by

N= Dx6.8x100 -
_ (; dE )
dx

where 6,8 x 1010 is the factor‘required to convert energy -absorption

'given\in units of 1 rep = 83 ergs/gm to units of eV/cc of -air,
. : /e v
- The rate of energy loss per deuteron in tissue p = 1 will be

greéter in air by the reciprocal of the density of air, hence

dgggi : = 8,27 x10° = 6,4 %100 eV/cm;'
cp \+ dx | tissue 1,293 x 10-3 -

13
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and

(_ d_E) = B0 x10%  =3,95 x 107 ev/em;
¢ |7 ax / tissue 1.293 x 10-3 ’ |

and the energy absorption in'the substance of the bacterium will be
Ey =N (-.@)
dx tissue -

Alphs Particles

- Experimental Procedufe

The 5,3 MeV a- reys emltted by naturally radiocactive P°210

were used for i:radiation. :thscurce.consisted of 1.3 me or Po?10
plated on the surface of a small disc of Ni,* The disc Was‘mountéd oﬁ
the lower end of a threaded bpass screw which traveled down thrdugh the -
top of é plastic hou;ing‘making possible accurate adjustment'of the
distaﬁce betweén the source and the agar block surface-by means of a K
knurled kncb., The agar block,.bearing bacteria on its-upper surface,'was
placéd on’an adjustable platform mounted in a drawer near the bottom ;f
the housiné._ In this way the‘upper surface of the block Wés adjuéted-.
by means of a'screw tb the zero level,. Beglnnlng .of irradiation was
taken with a stop watch as the 1nstant the drawer was closed bringlng
the block directly beneath the source disec, A shoulder in the drawer
immediately'&bo&e ihe block le%el received tbih aium}nﬁm filters so

that a-pgrticles'of,véiious energiés could be chosen by‘selectihg
suitable‘filter thickness and distance befween source and sample, The

a-particle energy ‘as g function of filter thickness and distance from

¥ The Po?lU source was obtained and prepared by the Eldorado Mining
and Reflnlng (1944) lelted of Ottawa, Ont.
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Athe sample was 1mmed1ately obtained from experimentally dbtained
‘RangewEnergy relatlonshlps (17).
Dessge
The total activity, é, of tﬁe source was determined by

vcountihg’with an impulse chamber the number of a-particles emerging
throﬁgh a thin windéw-from_an evacuaﬁéd chamber of known geometny,
- The source was located 1n the chamber at the end 0pp051te from the
.w1ndowo .8, Wwas measured on | June 16, 1950 to be 3. 67 X 109
diéintégratlons per minute,* ' K

- Since the source of P02;0 a-particles was a disc of radins
R = 2,38 mm, and the pérpend%gu}ar diStanée between<spurce-énd
sampie was usually small (5 to 16 mm), it could not be considered
& point source obeying the simple inverse 'square iaw,. The number
of'pafticles‘hittiﬁg unit area of sample pe:»minutevwas calculated,
after zirkle (18) as folldws: |

. For a sample ;rea small in comparison o nR2‘locéted d ﬁm
away from the center of the source, the'probaﬁility of én a-partiele
originating in ﬁhe source element 2n‘rdrvhitting unit area of the

sample, A, is

P =

) A 2 . .
4n (d% + r<) '
Hence,thevflux,.or the total number of particles from the summation of
such elements which strike unit sample area per minute is‘given'by
¢=f( A ’\n2nr‘dr=nA' r dr.

o \m@=l 7 5y T %

i

* 1 am indebted to Mr. A, Ghiorso of the University of California
Radlatlon Laboratory for the measurement of ag.
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when n 1s the act1v1ty of the source per unlt area, a/n Rg

LACHRCE -

n, = 67 x lO9 = 2, 06 x 108 o/mn® min,
° n(2 38)2

a-

"¢ =ph x 2.3 % log, . a2 ¥ ER
L R TeE

1

. For the purposes of these‘experimeqts_wdqpo was computed for con-

-venience inqtermsjoan/u% min, . As an example, at d = 10 mm,

10

e P = (2.,06';: 108) x '1(5":'3"# 2.3 x log;, 100 . 5,66

Lo - } z o 160

' In ‘this manner ddio'fér any 'd was readily computed. It was -
then corrected for radioactive decay of the source td"the>date of
experiment by taking "i::ito:ac':count the half life of 138 days., The
number of partlcles which passes through unit area of the sample, N,
is then obviously glven by the product of the” flux and the duration
of exposure, N = q>+,

The energy absorptipn in the bacterial cell may be calculated

_from N and the rate of energy loss of the awpartiéle in tissue, This

energy loss may be obtained from experimeqtelxy determined Range-~
Energy relationships or may be computed from Bethe'!s stopping
formula (ll)° For the fast polonium alphas the two are equivalent,
bgt when filters are interposed and low energies used, the experim

mentai valueS'are more reliable° The rate of energy lgss at d = 10 .

. spoken of as point A of the Bragg curve, is ¢°O7 MeV/cm air and at .
p01nt C, the peak of the Bragg curve Where d = 33 7 mm, the value is

2,04 MeV/cm air (taken from data given by,le;ngston.and Bethe (17)).,
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The energy gbsorption in the badterial-cell'is given by
B, =N (_dE
: ‘dx / tissue

In certain experiments where low energy a=particles were re-

.quired, it was convenient to interpose an aluminum filter between

/

source and sample in order to avoid too great a distance d and hence

- a low intensityﬂqf radiation,” Filter thicknesses of- 0.25, 0,50, and

0,75 mil Were.used. Sinée the felative stopping power of alumihum
compared £o air for the a-rays is 1,67 x 103 (19), a path length of
0.25 mil in aluminum is equivalent to 10.6 mm in air, On this basis
the effective range in air and hence the eneréy of the bombarding
particles could be selected at'Wili, and the relative effectiveness

at different portions of the Bragg curve studied.

Results
X-rays

In table I are given the data from e typical experimental

' determination of survival'curVQS for strains B and B/r with x-rays;

arrangement III (see Methods) was used in this particular.case° The
experimental data appearing in the table are the dose in kilorep,
the'dilution wvhich was transferred to the agar block by means of the
micropipette, the numger of ml of saline into which each block was L
dropped after irradiatibn; and the number of bacterial colonies
éounted° 'From.these data the percent survival was éalculated; this.
also appears .in éhe table, Fig, 1 shows graphiéally that_the-curves~
are exponential since the logérithm of the surviving fraction béars 8
linear relationship.tb the dose, In similar fashion twelve
deterﬁiﬂations were made infthe case of B and "sixteen in the case

¢

\

-
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of B/r° Table II preseﬁts these data taéethér with the eiﬁerimenial
arrangements used, In each instaence the 1oéarithm of thevsurviving
fraction was plotted as a function of dése, and straight line curves
of best fit were drawn through the experimental points, The mean
slope, T, was then computed fQ?'B and for B/r; from this figure the
dése required to reduce the bacterial population to 1/e, or 3608%,‘
was determined, This dose is designated by Dys and appears in the’
table, Fig; 2 drawn from"ﬁé~énd Tp/r cbmpares the relative sensi-
tivity of the two strains éf bacteria to x-rays,

Experiments performed zﬁ.compare the survival of strain B
organisms when irradiation was carried out with arrangements V, VI,
VII, and VIII are analyzed in tables III and IV, .The Wean numbers of
colonies, M, given in table III represent survivals of 36%, 37%, and
36,7% following doses of 2,500 r with bacteria (1) on the upper sur-
face of single agar blocks, (2) sandwichéa between pairs of blocks and
(3) oﬁ blocks inside plastic capsules respectively. The differences
between méans in this case are not significant, However; after 5,000';
doses given with bacteria (1) on the upper surface of agar bl9cks and
(2) on agar blocks placed'in snug lacunae in a larger mass of agar,
the difference between mean survivals indicéted in table IV, 1149 -
1001 = 148 is statistically significant, This is seen by cbmparing
the actugl difference with the product of o= gy and the t? fatio at
the 1% level, For the 8 degrees of freedom'in this case t! = 3,36,
hence for a difference greater than t'o*dm = 3,36 X 42 = lA;_there is
leés than one chaﬁce in one hundred that it could bé so‘greét by ran-= |

dom sampling, There is reéson to believe therefore that the dose in

rep received by bacteria on an agar block surface irradiated in air .
[ .
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. is‘somewhat lower than D,. But from this last experimentvit.is seen
that the ratio of mean survival is 1001/1149 = 0,88, e difference of
only 12%, Now the doee is proportional to the 1ogarithﬁ of survival,
S0 the dlfference in dose would be of the order of 2% and may be |
neglected° These results, as pointed out in the section on methodsg
indicate the Justlflcatlopeof peel;pg results of experlments using
arrangements I, II, III aﬁd“IV.ig*determining T and the mean Dge
.,Erom this latter quanfity.tﬁe“value of (Ev)o is computed and abpeers
in table XVIII, o |
Survival curves of both strains of E;‘celi were determined with
high and low energy deuterons. Experimental data from the four ex-
perimeets are given in tebles_y'fe XL, f‘.rom'figs° 3 to 9 it is sgen
that éipdnential'curves were obtained as with x-rays since a strictly
linearArelatiohship holds between the logarithm of the surviving
fraction and the dose° It_wili be noted in the tables that logarithms
of surviving fractions have in many cases beenvadjusted to higher orders
for cenvenience in-calcule.tion° The straight lines shown on the
grephs represent best fits determihed by the method of least squereso
‘The equations of the lines are given in the tabieso -
‘ Again as with x-rays B/r is more reeistant than B to the lethal
action of the radiation° The other strlklng feature which presents
, 1tself is that slopes of’ P01nt C.curves’ are steeper in all caseb than
those. of Point A curves, Thls 1ndlcates that the low energy particles
. are more efficient in kiliing the bacteria than the high‘enefgy:particles,
The slopes taken from the least squares fits are gathered together

in table XII together with the ratlos of slopes ( /m « The ratlo



-

Table X
- (Experiment 229)

’ B B/r
‘ Vose Stock @l e 4 Hoo B
in - Dilu- per Col. Supr- Col, Sur-
K _ tion  Blogk Counted _ vival __ Counted _ vival -
0 L0000 2 1700 © 100 ° 1588 100
é © ,0001 2 803 47 1103 0
4 Q001 2 38 22 682 43
6  .0001 2 29 13 oz
8 .00 2 133 7.8 %3 - W
10 001 2 827 . 3.1 153 . 9.6
12 .001 2 233 1.4 1049 6.6
y7A 001 2 12 66 893 5.6
% .00l 2 W 27 706 4
PPNt 2 21 16 1207 2.3
2 .0 2 M3 08k, T8 1.5
2 01 .2 12 066 1000 o9
2 .0 2 54 - .032 2079 .68
‘MUI328
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Table II

B B/r
Exp, - Exp. Slope Axp. L{xp. Slope
lo, Arr, -} Lo, Arr, a
339 1 2.2 34 1 1.35
338 i 1.82 34518 I 116 .
336 v 2,06 ' 341 1 1.27
335 I .43 3% v 0.9/
B 1 198 335 x 1.13
300 1 2,01 334 1 0.91
282 1 2.12 300 I 1.10
273 1 1.98 283 1 1.10
26 1 2,25 282 1 112
233 1L Le 29 1 1.36
230 11 2.2y ;2 u 1,21
29 . 1w 1.83 28 . 1 1,30
2334 mr 1.2
2B o L2
230 1491 1.33
’ . 229 m L
\
z = 2.08 =% 118
o = 0,182 ¢ = 0.126
oy = 0,055 oy 3 0.0325
D, = l2,650 r DT 460

MU 1330
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mc/m.A serves as a measure of the relative effectiveness of low energy.

) - ~

and high energy deuterons, The significance of this ratio is greater

than unity mey be demonstrated by multiplying O"M‘= 0,068 (tsble VII) \

by t = 3,71, selectihg fiducial limits to include 99% of cases where

the degrees of freedom are N-1 = 6, Thﬁﬁ'fg-m = 0,252, Since this
‘is less than 0,33, ‘the dlfference between 1,33 and unity, the

probablllty is well over 0,99 that C)Il _ "
n .
From mA end ﬁF for B and B/r gnven in table XII the dose, Do9

necessa:y "to produce 36,8% survival was calculated, Values of D

obtalned in thls way are as follows:

By 5 Dy =3, 060 rep;
) BC s Dg = 29439 rep:
B/rA9 D, = 5,080 rep;

B/rC;D‘0 = 3,750 rep.
From these_#alues N, and (EV)o were calculated as indicated

in the section on dosage., - These values are listed in table XVIIIO'

Alpha Particles

Survival curves for both strains of organism were determined
experimentally by5maintaining a fixed distance between source énd:
sample and timing the various doses with a étop_Watcho The a-particle

flux, qu,lfor any distance, d; between source and.sample is known

from calculation (see Methods)° " The dose, N, in termsléf a/hzris

thus given by ddDT o In tables XIII and X1V thg surviving f:actionS'
for graded doses are given, The straight line curves of best fit,
determined by:the nethod of least squares and drawn througﬁ the

points, are shown in figs. 10 and 11, The equations appear on the
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Tabvle Vea
{Zxzpeecimont 332)

s/
" lose 2—50.051. }-‘o.a‘.o):. otock ik A Lure a4 Gur= . feon log Jose
in Couwnted Counted dilue per vival . vival Sure . Gurve Incre~
irep #1 i2 tion dlock #1 A2  vival Fraction ment
o 455 458 JO0L 10 0y 100 .. 190 200 . 1
3.3 581 627 001 5 3.3 792 L3 Las3 2
6,06 82% ©E0 20 3 5349 52.3 53.1 1.725 3
. 001 M5 '
12.12 2600 .01 10 ERRE VAT TR VO Lo543 5
155 2350 2520 .01 5 253 215 2. 1422 6
1818 3195 2057 o1 3 2.9 1.5 17.2 1.235 7
' y 2 =011y x 4 2.12
‘ MU 1334



2= R ""J”
' o . Tadleveh .
. (Experimont 332) ;

Dose Do.Col, No.Col. Ho.Gol. Ho.Col. Stock ml % Sur- & Sur~ % Su~ $Sor- Koen  log Jome
in Counted Coumted Counted Counted 0Oilu~ per vival vival . vival vival Sure ' Surv.
Ecep B B__ £ fh . Sien Blocc M 7 B ; ) v - M_M,

O 458 458  AS8 458 . .00l 20 100 100 100 100 W0 2000 1
303 632 Qs s 588 0L 5 688 670 8.9 bk 6k Lea 2
606 789 @5 63 T2 .00 3 SM6  Se6 WA SLT A%5 1695 3
9.09 %9 e &b 00 L5 LT 20 266 2Bk LASS b
232 uss U7 1080 . 20 252 2.6 Bus 27 1B .5
1515 149 126 1551 %5 0L 5 198 1.8 169 05  1s.2 1182 6
1818 203 1557 7% s L 3 0138 0.2 109 95 A LS 7

¥ = ~0.158 x & 2,14 . co
, | ' MU 1335 -
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Table VI
(Bxperiment 253) -

Dose fo. Stouk @) 4 . log Doas

. ' : in - Col. Dilu-~ per Sure Surv, Inere-
- Brep Gounted  tlon  Blook _vival  Freotlon . meat
0 1900 001 4 100 %000 9.
3,03 623 . <003 2 .16.1. 3.5 1
6,06 377 001 1 MOk .69 2
B, 9.09. s .0 2 47 2,67 3
1505 33 . 3 omz a2
1808 10 a2 2 0.040  0.597

75 =0.547 x & 3.86

o 10 .00 100 4,000

4 °

3.00 58 .00 2 W7 - 37 2

60 . 30 .00 1 M2 2635 2

BS 905 a7 . .01 2 0,699 1.8k 3
12,12 26 oL 1 0,276 L.l 4
s w0 . 3 0.049 06 5

gs '_00652 x4 %%

o Figures represent averages of tio separete runs, Vo
T MULI337
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Table VII * .

(Experiment 253) _ - o
Dose No;' | Stock ml % " Log - " Dose
in ‘Col, Dilu- per Sur- Surv, . Incre=-
gggp COQQted‘ ﬁipn . §;?ckf viyal 3 Fya;tion X mept‘
‘ 0. . 1840 001 4 100 v'2;obq o 0
3.03 1870 001 2 . 50.8 1,706 B |
606 84 001 2 2.9  1.360 2
B/ry | | | o 5 ' |
1515 825 Ol 2 223 0,348 5
1818 403 .01 2 1.09 0,037 6
¥ = 0,331 x + 2,01 |
0 1840 :?001 A 100 - 3,00 0
3.03 - 1674' .- L00L 2 45.5 2,658 1
6,06 586,001 2 15.9 24201 2
B/rgt 9.09 52 .00 1 701 1.852 3
i2}12 544 ‘ .01 4L 2,95 10469 4o
15,15 450 .01 2 1,22 10036 "5
18,18 124 © L0l 2 0,334 0,52 6

y = =0,403 x + 3.04 S

v

* TFigures represent averages of two separate runs,
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15.15 -
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3.03
6.06

B 9.09

u.m
15.15
18,18

No.
Col.

452
451

FRE8 g

452 '

315
151
192

- Table VIIX

(Experiment 285) -

Stock
Dl

AL

ol

m
per

2LATA: S

N oW N N

x e 2,9

O VO Y VT PR VR

100
35.0
Bkl
2.12
0.797
0.473
0,252

7= 0449 & o 2,89

MU 1341
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Table IX .
(Experimsnt 245)

Jose . No.. Stock m} % log - - Dose

in - Col, Dlue .  pep - - 3ur~ . Surv, Incro-
Srsp_ Cowsted  tion  Blok  vival  Fragtion mei
) €0 .00 4 10 2,000 0
- 3,03 &m® .00 2 7.2 1.864 1
B/r, 9.09 60 .00 1 2.9 a3
1202 saA 01 4 8.6 0,939 &
1505 @y .01 2 682  08M 5
L1828 53 - W01 2 b1 0650, 6
780239 x ¢ 2,04
v ! .
0 600 .001 b 100 2,000 )
3.03 98 4001 2 76,5 1.88 1
606 501 L0001 2 B 1620 2
B, 909 467 .00 1 195  L2%0 . 3
1202 175 01 5 2,92 0.465 b
155 18 .01 2 155 01 5
18,18 35 .01 2 . 263 O 6
'  yz -2 x4 2.2 '
MU (1343

©
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Table X

(Expez'ment 235)

Doce No, . Stock ml log Dos;z
in Col, Dilu- per Sur= . Surv, Incre-
irep Counted tion Bleck vival fraction zent,
0 728 . 001 4 100 3,000 )
- 3,03 342 Q0L 2 23.9 2,378 1
" 6,06 38 ".001 1 13.1 2,117 2
/ By 9.09 970 .01 3 10.0 2,000. 3.
12,12 1025 .01 1 5.22 1.717 4
15,5 910 .1 5 1.57 1.1I96 5
., 18,18 1095 .1 2 0.75 0.876 6
‘ 75 0,327 x ¢ 2.88
o : 4 _ .
0 728 001 4 100 40000 0
3.03 32 001 2 16.9 3.230 1
6,06 186 .001 1 5002 2,700 2
By - 909 132 «01 3 112 2,050 3
12,12 133 .01 1.5 0.59  1.770 b
15.15 106 St 5 0.1i6 1,220 5
18.18 97 .1 2 0.062  0.793. 6
75 =0.52 x + 3.82
MU 1345
. A N
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tablése"Again'survival is exponential. and strain B/f is more resisﬁaﬁt
to the a-radiation than strain B.

\ In order to test the efficiencybof a-particleé of variéus‘
.energies in killing the bac£eria, irradiation wes qarried out at

'selected points along the particle range, By selecting suitable

filter thickness and distance, d, survivals at vafiqus_points on the

Bragg curve were‘determined'for fixed dose in terms of a/uzo ‘Table XV

gives survival fractions oﬁtaineé“in six eipéripents for B and B/r.
Thévgzperiments 353, 354, 35610N =3 a/p.2 and in experiment 363

0y = 2.7 a/pR, In both expérimgnfs on strain B, 10N = 2,25 aszo
These data in graphical’form are sﬁown invfigso)l2 and 13, Here the
4percent survival.is'piotted as a function of the feéidual range in
air in the same manner as the Bragg curve itself is a,piot of 
gspecific ionization as a function of range, In the case of B/r it is
apparent that the quarticles ére morelefficient at lower energy.,

The two eiperiments on B leé#e.room for doubt, Therefore several
determinations were madevat d = iO°25 mm and ét d ; 31,45 for both-
sfréins° ‘Table XVi gives déta from these'preriménts-Which'demonm

" strate ; significant difference inqthe effectiVéneés.at the two points
on the BraggAcurve in the case of both organisms, the low enérgy
particles being the more effective in Killing.

7 From all survival aata gathered af d = iO mm, the mean dose,
lONOn resulting in 36.8% éurvivélg was computed (table XVIiI). Curves

drawn for B and'B/r from these means are shown in fig. lb.

' ‘ Thewréte of. energy loss of a-particles at d = 10 mm, i, e,

with residual range equal to. 38,7 - 10 = 28,7 mm, is 1,07 NeV/em (17),

From this'figure and %rom loNo the enérgy'absorption in the cell

=39= ‘ L : UCRL=1140
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(E ) is calculated as described in the section on Methods, The
correspondlng dose in rep, Do’ is then obtained by d1v1d1ng (E )
by 51,9 since 1 rep = 83 ergs/gm corr93ponds to the absorptlon of

51,9 eV per cubic micron of tissue, These values appear in table

*

- XVIII,

Target Consideratlons

Assumlng klll:ng of the bacterlum by radlatlon to be a target
phenomenon of a one-hit type; the size of the target may be computed,
If it is further assumed that. the target is a spherical volume of

radius, T, the simplest method of calculation for x-rays rests on -

the supposition that an ionization in-any portion of the target

volume results in cell inactivation,
Now the number of ion pairs formed per cubic mieron in the
bacterium, to produce insctivation, can be expressed by

JDax B x 1072 g oy o
4,8 x 10~1U :

where Dq is the inactivation dose; 773 is the density ratio of water

and air, 107 =12 is the number of cubic microns per cubic centimeter,
and 4.8 x 10720 is the electronic charge in e,s,u, D, for B and

B/r determined experimenﬁally are 2'650 r and 4, 610 resPectiveky;
Hence the correspondlng j¥s are 4027 x 10° and E 43 x 103 ion palro
per cubic m:Lcrono Since inactivation now implies the average of one
1onlzatlon per target, the target voldme is equal to the re01procai

of g, or for B and B/r, 2.34 x 10 4 uB dnd 1. 35 x 10 ~4 ‘3 respec=

.tively, The target diameters and areas are determined from ﬁhese

values as in the following eiamples for B,
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.

v = % n 3 ='2,34 x 1074 3,

.Hence T = (3/4 x 1/n x 2.34 x 1074) 1/3 = 38,3 my,
and  2r = 76,6 LT | |
The target'area then  is ar =_00046 u2°

In considering target sizes as determined'by deuteron and
‘ a~parti¢le experimeqts,'the aésumption is made thaf if" a particle path
fraverSes any'portiop of the target volume inactivation resulté° This
. follows from the fact that density of ionization about these tracks
is 50 great‘thét ionization‘ofvthe farget is a certain consequenée Fo-
its be&ng hit by a particle., Therefore the farget area is merely the
reciprocai of.No, the total number of parﬁicles péssing throﬁgh each

1 of the bacteria corresponding to the inactivation dose, The method

of computing No was giveﬁ in the section on Methods;

These values are summarized for the various radiations in
.table XVZ’(IIo It should be noted here that in the calculations as
vqutlinedvno account was taken ofvoverlapping ion clusters cr of de}té
rays, When Lea'’s iﬁproved method of calculation (6) is used the tar-

get diameters for B and B/r with x=rays'are approximately 190 my and

130 m respectively; for the fast deuterons these values become about

260 mp and 210 my; for slow deuterons 320 mt and 240 mp; and for x-rays,

1020 my and 850 mp, These improved values are also listed in the table,
It is readily seen that the apparent target-size increases as
‘one progresses from X-rays to-aéra.yso This can be explained according
1o target theory.ﬁ& a flatteﬁéd shape of target=-rather than a sphere
as originall& aésumedw=so that a greater ratio of area to volume makes
it more readily hit by the dunsely ipnizing particles, Or fhe £arget

may consist of a number of parts, a hit in any one of whict causes

I



. size,- Table XIX contains data from such an experiment u51ng stra;n i

tolerates a-bombardment in argon better than in air, .

.

=52 ‘ . UCRL-1140.

A _clea:t.ho However this reasoning demands that deuterons of low energy

be less efficient than those ‘of high energy in killing since cne

particle‘path intercepting the target area results in death, The

same obtains in the case of a=~part1cles° Results presented here how=
ever indicate ﬁhe opposite to be the case; i.e,, low energy deuterons
are. more efficient than high energy deuteronsa and slow awpartlcles
are more_efflc;ent than fast ones, |
| Ment;on should be made here of certain experimehts'ﬁhere

irradiation was carried out with the organisms in-a nitrogen atmos-
phere-rather than air, because this also effects ﬁhe apparent target
B/ro The bacterla tolerated ﬁhe radlatlon very much bebter while iﬂ
nitrogen as can be seenlin fig, 15 where the nitrogen curve is com=

pared to the average curve in air, Essentially similar results have

’

' been reported by Hollsnder (21).

It mey be noted here also that when bacteria were ir rad*aued
with x;reyé in an atmosphere of argon steeper survival curves wefe
fq@nd than when irradiation was cefried out in air {22), By .passing
the z-ray beam through a layer of argon contaiped-between drumheadS'
of very thin nylon while the bacteria themselves were in air during
irradiation, this’ effect was ShOWn to be due to an 1ncreased dose of
ioniéationlcaused by secondary radiation arising in the argon, In the
case ef_a=i%radia£ion9 howeﬁer9 preliminary experiments indicete a
degree’of protective action.from argon, at 1east\in the ease of

strein B, Tsble XX and fig, 16 indicate that in spite of the increased

dose of ionization demonstrated by the x-ray experiment, strain B -

.
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Discussion

In gll the experiments reported

¥
i

. UCRL-1140

in this, study survival of the

organisus is en exponenrtial function of the ‘dose, exiressed by

i

wvhere n is the number of bacteriz surviving & dose D, 2 is the

initial nuwber of bacteria, and k is a constant of proportionality,

g

This result egrees with previocus reports

that some unit sction is responsible for

It also follows that when survival is 38,

D 20,368 = et
Do

- C

effective wnit action per cell. Interpreted according to targetb

Y

(2, 4, &, 10), and is evidence
death of the bacterial cell.

4
Z

8% 1l.e. vhen

D now represents that dose corresponding to an aversa;e oi one

theory, this dose corresponds more specificslly to an avesrage oif one

hit per cell in the sensitive target; and k is a measure of the tar-

Another feature of the results

a graded increase as one progresses fronm

6), and is to be expected according to t

than & single ionization or unit action,
to produce death of the cell., Hence the

ticns, which deliver an overgbundance of

Pas

ex

ficient in lilling.

It i1l be noted however that =
. . N, .

- .

v

obtained here is that D, shows

x-rays to fast deuterons, to

o-particies, Thic also is in-agreevlent with previous results (2, 13,

erget theory since any more

'

in the terget, is unnecessary

more densely ionizing radia-
: - . :

o

doss, are therefore less’

4

rom high energy
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deuterons to low energy deuterons, i,eo,'to more densely ionizing
particles, Do.decreases, as pointedAout in the last section, Tﬁis
is also the casé when irrqdiation with a-particles is qarried out-at
points A and C of the Bregg curve, This result is directly opposed
to.ta;gét tﬁeony (6) unless modification is introduced, A somewhat
similar result was reported by Pollard and Forro (20) when bacteria-
phage wes irradiated with deuteron' of wvarious energies,‘

_ Since the survival curves are indeed exponentiai, the conclusion
.seems inescapable that the probability of inactivating a sensitive
_"target"_(with'a given number of incident particles) increases with
“the density of ionization along fhe particle track, at leaét in the

case of deuterons and in the case of a-particles, This phenomenon is
seen with both é and B/r, and from these data appears to be the same
in the two Qréanisms° Furthermore since the apparent target éize in=
creases Wifh the density of ionization, one is led quite.naturally to
the hyﬁothesis thét,a spread of effect of ionizatiqn which varies with
)ion density is an important factor in inactivatihg the tgrget, In
other words if oneApostulates a cylihdef of influence centered on the
pafticle pafhg the radius of which increaées with ionldeqsity, and
which will iﬂactivate the target if the cylinder and target overlap,
a workable model is available. The factlthat an approiimately_
qylindricalvvoluﬁe containing ion paifs, excited atoms,vand free
~radicals surrounds the particle patﬁ is well known (6)5 the only
additional point needed here is that the‘disﬁance from the track at
which targetrinéctivatiOn may occur must vary with ion deQSityo

The gas experimenfs indicate'that oxygen mey be important in this
phenomenon since its exciﬁsion during irradiation decreases the radio=

\

e

by
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sensitivity of the bacféria;, Hollander (21) hés shown that fhé re-
sistance to radiation may he:even further increased by growing E, coli
" anaeroblcally and irradiaﬁing_in the absence of oxygen, We have,‘
then, evideﬁce of a fargef mechanism which is influenced by factors
usuall& though£ of in Céﬁnectidn wifh secondary effécts°
" The relative radiosensitivity of strains B and B/r has been
discussed by Witkin (23), Sﬁe offered evidence in support of>the \
idea that a threshold for radiatién effect has been increased in B/r,
This threshold presumably lies in the energy range of‘ultraﬁiolet
photons and leads to a ﬁultiple hit curve with such irradiatidn.

.~With x-rays it is suppésed'that the change alters the probability qf
a-hit in the target being effective, Morse and Carter (24) found. that
cells of strain B/r contain three to four times as much desoxyribose

N nuéleic acid aé cells of'the parent strain B, If nucleic acid is
thought of as being intimately related to the target, this Woﬁld sug=
*gest a larger target in B/f° ‘However, ﬁe have shown the targét in

; B/r to be smalier, or at least more difficult to inactivate, hence a

further prgblem arises., | |
‘it the present time the model which we have suggested\together
with further possible secondary ‘influences, such as locai protective - -

action of the nucleic acid, in B/r, would seem to be compatible with

experiment,

p » ' -~ Summary

Aerobically grown Escherichia céli straiﬁ B and its naturally

occurring radiation resistant mutant strain ‘B/r were irradiated in
alr with x-rays, deuterons, and a~particles. In all cases typical

. .
exponential survival surves were obtained, In this respect the
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bacteria behaved as would bé expected according to simple target theory.
B/riwas in-all cases more)resistant than B, _ ' |
' Contrary to expectations based on target theéry, however, both

- strains were killed ﬁore éffiCiently by low eﬁergy deuterons than by
high energy deuterons, This same reversal was found in the casé of
a-rays, low energy particles being more effective than high energy
. particles,
When xfirfadiation was carried out.in a hitrogen atmosphere,
- survival wés increased over that in air, Such a proteétion was also
demonstréted for argon in the case of strain B bémbarded with a=
particles, | '

in view of théée”departures from target iheory predication,
while at the same time survival remains a étrictLyAexﬁoqential
funétiQn of'dose, one is 1é§.t§ a modified target hypbthesiSwvthat.
the "target" may be inactivated not only by ean ionization oceurring
;within its volume, but also by energy transferred from the track of
the ionizing particle through a finite distance in‘the~cell; énd
- further;, that the probability of this latter mechénism resulting in
target inactivation at a given distance increases with ion density
aiong'the t?aék,

That the presence of oxygen enhances tﬁe effectiveness of ir=-

radiation of~these bacteria is also demonstrated,
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