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I 

The Effect of Physiological and Morphological Che.nges 

on the Radiation Sensitivity of Escherichia coli 

Introduction 

In the study of ra-diobiological actions the proce.s:ses 

may arbitrarily be divided into three. general phases for 

the sake of discussion. First, the intera:ction of the.' radia'• 

tion with the: molecules in its path produces ionized and 

excited molecules and atoms, some of which diffuse into the 

surrounding medium and interact with other species or with 

each other. Secondly, the initial ionization products or 

their by-products' produce a decisive state within the organ

ism. The decisive state., having bean esta:blished, then leads 

to the final phase, the production of the biological end

effect that is observed, such as a mutation, chromosome break, 

enzyme inactivation or inhibition of division. In some cases: 

. phase· two may not be an essential part of the process~. In 

other•s the third phase may be identical with the .first phase-. 

In setting up any arbitrarily designated process such as this, 

it must be rea·l:tzed that there a·re no sharp boundaries thalt 

define any particular phase .• 

The initial part of the first phase has been extensively 

studied by physicists and radiation chemists. This is 

especially true with the interaction of radiation with w~ter.., 

Excellent models of processes suspected of having important 

biological effects have been constructed. Also a vast a.monnt 
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of information has been accumulated concerning the ultimate 

biological expression of the radiation damage. However the 

period intermediate between the initial energy tra:nsf'er and 

the expression of the ob~erved biological effect remains 

obscure. 

The difficulty in obtaining inf'ormation pertinent to 

this latent period is that it is not accessible to direct 

observation. Also our lack of understanding of normal. meta

bolic processes within the cells makes the interpretation of' 

the observed data difficult. However, by indirect means it 

is possible to :find some indications of the processes that 

are involved in the production of various biological end

effects. One such approach is the study of factors that 

will modify the radiation sensitivity of the biological 

system under consideration. Conceivably it is possible, 

after finding such a. modifying factor, to relate its influence 

to a particular process within the cell and thereby gain 

some insight into a possible radiobiological process. 

A number of factors have been found that will modify 

the radiation sensitivity of Escherichia~ and other 

mic~oorganisms. After inactivation by ultraviolet l~ght 

it is possible to reactivate many of the organisms by exposure 
. . 

to visible light (Kelner, ~~49; Novic~ and Szilard, 1949). 

Recovery has also been affected by the appropriate adjustment 

of incubation temperature after exposure to ultraviolet 

light (Anderson, 1951) and X-:-rays (Stapleton et al., 1953). 

The physiological state of the organism is an important 
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modifier with respee,t to. its rad:tation sensitivity. Actively 
\ 

gr-owing Escherichia coli, strain B, are more sensitive to 
\ 

ultraviolet light than the resting cells {Roberts and Aldous, 

1949). Anaerobic growth has been found to markedly alter 

the lethal response of this organism to X-rays (Hollaender, 

et al., 1951). The number of organisms· surviving an exposure 

to X-irradiation (Stapleto~ et al., 195~) or ultraviolet 
' 

light {Roberts and Aldous, 1949) is defe~dent upon the type 

of medium upon which the irradiated organ•isms are grown. 
\ 

It is quite evident that changes in the physiological 

.and morphological states of the organisms may markedly modify .. 
tbeir.response to radiation. A convenient method of changing 

both the physiological and morphological state of Escherichia 

££!! is to introduce an old culture into ~resh medium and 
I 

permit the transferred cells to grow and divide. In this 

way a number of different states may be realized. 

The first part of this thnve s tiga tion is concerned w1 th 

the relationship be tween a ;m·Gtr,phological change within the 

cell and the radiation sensitivi·ty of the cell. Tr,1e shapes 

of survival· curves of populations having different numbers 

of·nuclear bodies· per cell are compared and discussed in the 

light of the hypothesis that nuclear damage is the primary 

inactivation mechanism. The second part of the investigation 

considers other changes in radiation sensitivity with respect to 

changes in the physiological state of the organisms. 
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Experimental Methods 

Bacteriological 

Escherichia coli, strains B and B/r were the organisms 

used throughout this series of experiments. The stacks were 

originally obtained from Dr. Evelyn Witkin and have been 

maintained in this laboratory for several years by routine: 

transfer on nutrient agar slants. Stocks are also maintained 

in a vacumn-dried state. The stocks used in these experiments 

were maintained on agar slants of the particular medium in 

which the organisms were subsequently grown. 

The three liquid media used were · ( 1) Difco nutrient 

broth, 8 gm5 per liter~ (2) Difco nutrient broth plus 0.4% 

glucose and (3) inorganic salt medium with glucose as th~ 

energy source. The composition of the inorganic salt medium 

was as follows: 

Na,2HPo4 •2H20 5 .. 94 gm. 

KH2Po4 4.54 

NH4Cl 1.0 

MgS04 0.2 

NaCl 0.5 

Glucose 4.0 

4a0 1 liter 

This solution is quite transparent to ultraviolet light with 

a wave length of 2537 ~ (Anderson, "1951). The pH of the 

autoclaved medium was 6.8. The solid media we1>e (1) Difco 

nutrient agar, 23.gm. per liter, (2) Difco nutrient agar with 

f 
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0.4% glucose and (3) the synthetic salt medium listed above 

with the addition of 1 .. 5% .Difco-Bacto agar. All dilutions 

of the microorganisms -were .carried out in phosphate buffer, 

pH 6.8, composed of .sodium (}!basic phosphate. and potassium 

monobasic phosphate in the .amounts not·ed above. 

Working stocks were ~repared by centrifuging and washing 

twenty to twenty-foJ,:tr bol;lr ~erated liquid cultures. All 

oul tures were grown at. ·5'7<?:0.. The washed cells were resuspended 

in phosphate buffer so that the final viable ti':tr.e· was. 109 -

1010 'cells per ml. The resuspe.nded stocks were then actively 

aerated at 37°0 for two to four hours: and the.n ;held in the; 

:-e:f'rigerator during the period of use. The. refrigerated. 

stocks were norma-lly used for no longer than one week. 

To obtain samples of growing organisms, an aliquot portion 

of the refrigeratec;jl., washed stock was added to fresh medium 

and the culture i~u:l;>ated in a water be.th with air bubbling 

through the oultu~.. At a previously determined time a: 

sample was .taken f·rom· 'the growing culture and quickly -diluted 

in chilled phosphate buffer. In order to arrest the growth 

and maintain a constant condition throughout the experiment, 

the dilution tubes were held in a melting ice bath. 

Hegarty and Weeks '(1940) reported that vegetative cells 

of cultures of Escherichia coli were very sensitive to cold 

shook, the viable titre of the logarithmic phase cells being 

reduced as much as 99% when suddenly exposed to temperatures: 

a:s low as 0°0. As shown in table 1, the sudden reduction in 

temperature had no deleterious effects such as might be 
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anticipated in view of their experimental results. Samples 

were removed from the synthetic medium culture of E. £Oli, 

strain B/r, at the times noted and diluted in phosphate buffer 

at room and ice bath temperature. Also shown in the table ar.e 

the means and standard deviations of the normalized values 

of the colony counts. The results show no significant effect 

of cold shock. It was also shown that there was no significant 

Table 1. Effect of cold shock on growing .cells of strain B/r. 

Age of 
Cul-ture~hr.2 1 2 3 4 ~· 6 7 8 X" .. S.D 

Room 72 99 10S 75 15 B4 b9 
c c Temp. 77 86 107 85 94 96 113 68 
0 0 67 88 89 81 110 ~ 97 96 
L u 72 91 101 00 90 5 9E 7E 100 11 
0 N 

51 90 95 53 92 92 87 56 N T 
0°C y s 68 64 95 17 93 84 100 76 

68 80 80 81 98 110 91 87 
b2 71J 90 70 91,1: 95 93 73 97 13 

difference in the number of viable logarithmic phase cells of 

strain B/r grown in nutrient broth when.diluted in nutrient,broth, 

0.85% saline or phosphate buffer at 0°0 or phosphate buffer at 

room temper'ature. A small reduction ( 10-15%) in the viable 

titre of strain B was noted when the viability of logarithmic 

phase cells diluted in phosphate buffer at room temperature 

was compared With those diluted in phosphate buffer at room 

temperature was compared with those diluted in buffer at 0°0. 

Holding the diluted samples in an ice bath had no significant 

effect on the viable count of Jogarithmic phase cells of 

strain B and only a sli3ht effect on the sensitivity to 

X-irradiation of the subsequently exposed samples over at 

least a 45 minute period as is shol'm in table 2. The cells 

' 
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in this case were diluted in chilled buffer and then held 

in an ice bath for the period noted prior to being plated 

and exposed to the stated dose of X-rays. This period of 

45 minutes is longer than any of the samples were held in· 

the ice bath for the e.xperiments presente.d in this paper. 

Table 2., Effect of cold shock on viability and sensitivity 
to X-irradiation of young E. coli, strain B. 

Dose (kr) 0 14.6 22.7 

Time at 
0°C (min.) 10 30 49 7 28 47 5 24 

Viable 

43 

Cells 1172 1237 1249 1122 938 . 827 865 814 1079 

All agar plates were incubated at 37-38°0 unless other-

wise noted. The nutrient agar plates were incubated for 

16-24 hours prior to counting the colonies arising from the 

viable cells. All synthetic agar plates were incubated for 

48 hours before the final count was made. It was assumed 

that each viable cell produced a visible colony and tha·t ea·.ch 

colony represented a single cell. 

x-ra:zs 

The X-rays used in these experiments were generated by 

A Machlett OEG-60 berylliu;m window X-ray tube. The end window 

ls constructed of beryllium, one inch in diameter and one 

millimeter in thickness. There was no f1.ltration used ex.cept 

that inherent in the beryllium window. The water-cooled 

target was two centimeters from the outer surfe:ce of the 
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window. The X-ray tube v;as enclosed in a rolled steel cabinet. 

An adjustable shelf arrangement permitted a variety of in

tensities to be used. Selected doses were obtained by varying 

the· time of exposure with a constant intensity. The apparatus 

was calibrated by Mortimer (1953) and the details of the 

operating characteristics of this machine are noted in his 

paper. All experiments were carried out with the machine. 

operating at 50 kvp and 25 ma. 

The organisms were exposed to the X-ray beam while on 

the surface of the agar plates on which they were subsequen·cly 

grown. Deviations from this normal procedure are noted when 

used. 0.1 ml. samples of the appropriate dilution were spread 

on the surface of the agar plates that had previously been 

dried to facilitate absorption of the liquid and then exposed 

to the X-ray beam within one to two minutes of the time of 

spreading. The plates used in the X-ray studies were not 

preheated to the incubation temperatu1•e except in those cases 

noted. 

Ultraviolet Light 

The ultraviolet light source consisted of three parallel 

8 watt General.Electric germicical lamps~ Eighty-five to 

ninety ~ercent of the ultraviolet light emitted from these 

lamps has a ·wave length of.2537 J(. Immediately below the 

lamps was a three inch aperature with a shutter arrangement 

for accurate timing of the dose. The source was so arranged 

that the distance between the lamps and the sample could be 

, 
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Expos_ure to the ultraviolet light was carried out by 

placing one ml& of the appropriate dilution in a wax ring, 

5 em. in diarrie ter 9 fixed on a glas·s plate. This was then 

placed under the ultraviolet source.' To avoid photoreactiva

_tion (Kelne:e, 1949) all ultraviolet. light experiments :were 

carried out with the minimum amount of light in the roome 

Also to prev.ent photodesenitization (Weatherwax~, 1952.) the 

dilution tubes were covered with foil. After exposure 0 .. 1 ml .. 

aliquot portions of the irradiated samples were spread on 

agar plates.. The agar plates were preheated to the desired. 

temperature of incubation and removed from the incubator for 

a time just sufficient to spread the aliquot po'rtions of a 

single sample and then returned to the incubator. This was; 

to minimize the effect of incubation temperature (Anderson, 

1951) caused by a lag period during which the temperature 

o:t: the pletes were equali.zing with that of the incubator. 

Fans to circulate the air in the incubators were also used 

to minimize this effect. 
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Nuclear Damage as a Mode of Bacterial Death 

Introduction 

The radiation inactivation of bacteria in many cases: 

follows a first order reaction which is consistent with the 

assumption that the inactivation is the result of a single 

event. Lea (1947) has sl.:tggested that this st ngle event could 

well be the trans.formatic'n of an essential gene leading to 

the ultimate death of the organism. In addition,his argument 

is based on results that suggest that the death of a bacterium 

subsequent to exposure to radiation occurs at or .following 

the attempt of the organism to ~ivide. Also the inactiviation 

of bacteria parallels the results obtained in organisms 

which have been investigated genetically, where lethal e.ffecta 

due to loss of, or changes in, single gene.s are oonnnon. 

Thus the cause may well be an effect of the radiatton on 

the .genetical apparatus. 

The X-ray inactivation of yeast cells has been correlated 

with recessive lethal mutation (Zirkle and Tobias, 1950; 

Latarjet and Ephruasi, 1949). In the case of the diploid 

yeast cella, where the genetic compliment is doubled, a 

classical two-hit survival curve was found, whereas the 

haploid strain gave a one-hit survival curve and, at the same 

time, showed a greater sensitivity than the diploids. Tobias 

(1952) also found that colonies grown from preirradiated 

f 

' 
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single diploid cells with unpaired recessive defects showed 

defective survival curves when reirradiated. These cells 

were more sensitive than the original diploid strain. When 

vegetative diploid yeast cells were given a sublethal dose. 

of X-rays and -then made to enter meiosis, the viability of 

the resultant haploid asci was indicative of recessive le tha:l. 

gene or chromsome mutations, whose segregation during meiosis 

permitted the phenotypic manifestation of their lethality 

(Mortimer, 1953; .• Mortimer & Tobias, 1953). 

Atwood and Norman (1949) and Norman (1951) have shov~n 

that with low doses of ultraviolet light lethal mutations 

paralleled Neurospora conidia death. 

The existence of a bacterial nucleus was in doubt until 

recently. By the use of conventional staining techniquea, 

practically no convincing demonstrations of a central staining 

body corresponding to the nucleus of the higher organisms 

was made. With a technique popularized by Robinow (1944), 

the existence of intl"acellular bodies that stained and divided 

in a manner similiar to that of nuclei of higher organisms: 

was convincingly demonstflated. By selective hydroly~is 

the cytoplasmic ribonucleic acid that masks the internal 

detail was removed, leaving intact most o:f the desoxyribose 

nucleic acid. When Escherichia col~ are treated by . the 

Robinow method nearly all the ribonucleic acid and about 

37% of the desoxyribonucleic aciQ. are .. removed from the cell 

(Vendrely and Lipardy, 1946)~ thus giving a clear pictUl"e 

of the nuclear bodies. Tule.sne and Vendrely ( 1947) removed 
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tho masking ribonucleic acid by means of ribonuclease and 

then with Giemsa stain obtained preparations similiar to 

those of Robinow. They also eliminated the staining of the 

central bodies by treatment with desoxyribonuclease. prior 

to staining. Subsequent to Robinow's work a VEJ:I'iety of 

techniques have been developed to demonstrate nuclear bodies 

within bacterial cells, all dependent upon firs.t removing 

the cytoplasmic ribonucleic acid. These studies: have not 

only reproduced Robinow's results but have also shown the 

existence of such central staining bodies in a variety of 

organisms. Comparison between stained cells and electron 

micrographs have shown similiar structures in each (Smith, 

1950). Electron micrographs of fragments from Escherichi~ 

ccli cells show helical structures exactly analagous to the 

chromonemata; of higher organismr and the average particle 

size in this fraction is approximately the same as that of 

the Feulgen and Geimsa staining bodies of ~scherichia ~ 

which are considered to be nuclei (Marshak, 195lL). Although 

there have been numerous convincing demonstrations of the 

existence of intracellular bacterial bodies that are similiar 
' 

in a number of features to the nuclei of higher organisms, 

there is a paucity of evidence that these bodies are the 

carriers of the genetical apparatus of the cell. Lederte.rg 

(1948) has shown by genetical analysis that the vegetative 

cell of Escherichia coli, strain.K-12 1 is haploid and multi-

nucleate. Witkin (1951) has perhaps presented the most 

convincing evidence that the nuclear bodies of Escherichia' 

I 
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coli are ·the sites of the gen:J_c components of the cell. 

Sbe found that subsequent to a mutating dose of ultraviolet 

light, multinucleate forms of the bacteria produced colonies 

with mutant sectors as well as whole mutant colonies. The 

relative ratio of sectored colonies and the distribution of 

sector size agreed with the distribution of the nuclear 
o, 

bodies. The results were in agreement with the hypothesis 

that the bodies are nuclear in nature and that the nuclei 

in each cell segregate in the following divisions~ each 

nucleus developing into a separate clone. 

If, as has been suggested, radiation inactivation of 

bacteria is a lethal mutation or some other effect on the 

genetic material, then the shape of the survival curve could 

reflect a change in the nuclear di.stribution• In considering 

such a problem two types of lethal nuclear changes must be 

taken into account. First, a lethal change in one nucleus 

of a multinucleated cell may preclude the further reproduction 

of that nucleus but will not affect the reproduction of other 

nuclei within the cell or of the cell as a whole. Lethal 

changes of the second type at'e dominant in the respect that 

they wol_lld pre elude further reproduction of other nuc'lei 

or of the cell as a whole. Where there is a dependence 

between nuclei as in the second type of lethal nuclear change, 

a population of single cells, each with more than one nucleus, 

would exhibit an exponential survival curve if the dependence 

is complete or, if there is a degree· of independence be tween 

nuclei, a multiple-hit curve, the multiplicity being dependent 
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on the de,s.roe o of dt;;pendence. In those CE,s0 s where fhere are 

two or more independent cells in a chain and the radiation 

damage is of the second J~ype 1 the -survival curves would also 

ref'le0t the multiplic:lty of the. chain. Lethal effects of 

the fj_rst type would exhibit a m.ul tiple-hi t survival curve, 

tl:te rnul tiplici ty of which CC?,rresponds to the number of nuclei 

per tmit irrespective of the number of individual cells pe:r> 

U11i t • 

If a lethal change in one nucleus does not affect the 

further reproduct:i.on of other nuclei within the cell or the 

further reproduction of the cell as a whole, and a single 

and. separa.te event is necessa1~y for the inactivation of each 

nucleus, then the inactivation of the nuclei can be expressed as 

- dN : kmN 
dD 

(1) 

where N is the number of viable nuclei at dose D, k is the 

inactivation constant and m is the nmnber of sites per nucleus 

in which a change will inactivate the nucleus. When equation 

(1) is integrated the express:t.on becomes 

N :·s 
N 

0 

-kmD • e (2) 

where N
0 

is the n:umbt::li' of viable nuclei originally present 

and S is the fraction of viable nuclei at dose D. Therefore 

the probability. of' ina.c ti vu tion .of a .single nucleus is 

. ' 

, 
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If each organism contains n nuclei and .the presence of only 

one viable nucleus is essential for r'urther reproduction the 

probability of inactivation for each organism is 

P(I)n = (1-e-krnD)n 

Therefore the survival of a population of multinucleated cells 

can be expressed as 

.- S = 1- (1-e -lanD )n (3) 

If equation (3) is expanded 

S = 1-(1-ne-kmD - n(n~l)e-2kmD 
21 

- n(n-l)(n-2)e-3krnD 
3L 

... ) (l.j.) 

As D increases those terms containing the higher powers of e, 

-2krnD '-3krnD i.e •, e , e etc., become negligible compared to 

ne-krnD. If n is small these terms become negligible at 

relatively high levels of survival. If n = 4 the relative 

contribution, of the term containing e-2kmD compared to that 

of ~he term containing e-lanD is of the order of .D5 at the 

20% survival 1evel; if n = 2 this relationship takes place at 

the 30-40~; survival level. Therefore at doses greater .than 

t.hose :required to reach the 20% survival level equation (4) 

can be approximated by 

S :: ··ne -lunD (5) 

'11aking the logarithm of both sides, equation (5) becomes 

ln S : ln n - kmD ( 6) 

Equation (6) ·shows that on a semi-logarithmic plot the survival 

curve at high doses will asympto:te to.a straight line which 

will extrapolate to ln nat D = 0, thereby giving a quantitative 

measure of the number of nuclei per cell. 
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If the population has a distribution of n then equation 

(5) with slmiliar expansion and approxiination becomes: 

(7) 

where c1 , c2 , • • •, ci represent the percent of the population 

containing n1 , n2,•••,ni nuclei per organism, each with an 

in~ctivation constant of ki. If k1 = k2 • ki then equation (7) 

reduces to 

n 
~ c 1ni is equal to the average arithmetical mean n. It 
1.1 

this sUbstitution is made and the logarithm taken of both 

sides, equation (8) becomes 

ln S = ln ii - lanD. (9) 

Thus extrapolation to D = 0 of the linear portion of the 

semi-log plot of equation (9) will give an estimate of the 

average value of n for the distribution originally present 

in the population. 

Experimental Methods 

Cell Smears. 

Both direct smears and impression smears were made for 

the nuclear and cell wall stains. The direct smears were= 

made by spreading a small loopful of the culture on a glass 

slide and air drying it. To prepare the impress ion smears· 

I 
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a drop of the culture was sp~ad on the surface of a predried 

agar plate and then again dried with a warm air current. 

Small. sections of the agar preparation were placed face down 

on glass slides and then flipped off. This provided almost 

instantaneous drying. It was found, however, that when the 

impression smear technique was used, if the agar was not very 

drr, the cells tended to clump on the slide more than when 

the direct smear technique was used. The lack of clumping 

with the direct smears had a distinct advantage when making 

counts, especially cell wall counts. 

Nuclear Stains: 

Those slides to be used f'or nuclear staining were fixed 

.for 2 minutes in methyl alcohol. A number o.f fixatives, 

including Schaudinn•s, .formaldehyde, ethyl alcohol ·and methy~ 

alcohol, were tested but it wa.s found that the results 

obtained with methyl alcohol were either equal or superior 

to the others. After .fixation the slides. were transf'erred 

to 70% ethyl alcohol f'or storage until used. 

The smears were hydrolyzed in lN hydrochloric aeid 

(Robinovl, 1944), the period of hydrolysis being dependent 

upon several factors, such as age of culture, method of 

preparing smear and ~edium in which the organism was cultured. 

After hydrolysis the smears were thoroughly washed and then 

stained with either basic fuchsin or 'Giemsa stain. The basic 

f'uchsin was prepared in a 0.3% aqueous solution and the 

smears were stained for ten minutes. The Geimsa solution 
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contained 5 ml. Geimsa stock solution, 5 ml. Sorenson's 

phosphate buffer, pH 6.8 and 40 ml. distilled water. The 

smears were held in the Geimsa solution for thirty minutes. 

After washing, the stained smears were examined under 

temporary water mounts. Elthough the stain faded in water 

mounts, the lack of shrinkage and the increased clarity of 

the intracellular bodies made this method preferable over 

that of dehy~rated, permanent mounts. 

Cell Wall Stains 

The air-di•ied smears were fixed in !119 thyl alcohol f.o:;:-

40 minutes and then placed in 5% tannic acid for 40 min.utes 

to mordant the ce 11 wall ( Robinow, 1944 );." After washing, 

the smears were then stained for 10 minutes in a 0.3% aqueous 

Crysta,l Violet solution. The stained smears were either 

mounted temporarily in water or permanently in cla1~1 te. 

Experimental Results 

Nuclear Bodies 

HCl-Giemsa treated cells of strains B and B/r grown in 

a.variety of' cultural conditions were examined microscopically 

to determine the average number of nuclear bodies per cell 

for e·ach population. Strain B \Vas cultured in nutrient 

broth., Strain B/r was cultured in,nutrient broth, nutrient 
. .. 

broth plus glucose and sythe tic medium. The results of' the 

nuclear staining were quite disappointing. In no case was 

it possible to make an accurate conn t of the nuclear bodle r:J. 
\ 

I 
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Most of the difficulty in obtaining good nuclear stains 

seemed to lie in the wide variation of the susceptibility 

of the cells from any population to the acid hydrolysis. 

In a single smear some of the cells after hydrolysis retained 

enough material in the cytoplasm taking up the stain that 

the details of the nuclear bpdies were obscured. In others 

the. entire cell would take up the stain to such a limited 

extent that the nuclear bodies were indistinct. '11hese 

limitations in the staining technique were such that accurate 

quantitative determinations were not possible. At best 

the results shown here can only be considered as an approxi

mation to the true values. Another factor tended to make 

an accurate count difficult. In any population of organisms 

such as this a significant fraction of the cells do not 

produce a visible colony under the experimental conditions 

normal to this study. Although these cells will not contribute 

to the inactivation data some of them undoubtedly are included 

in the count of the stained cells. This point may b~ illus

trated by comparing the viable and total cell counts with. 

the results obtained from stained smears of the same,popula

tion. The total cell count was obtained by direct observation 

of suitable dilutions in a Petroff-lfuusser bacteria counting 

chamber. The viable cell count wa.s determined by the usual 

colony count. In one determination the viable count of a 

stock suspension of strain B was 7.8-x 109 cells per co., 

the total count was 1.1 x 1010 cells per cc. In a similial" 

determination the viable count of strain B/r was 8.0 x 109 
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cells per cc., the total count was 1.2 x 1010 cells per cc. 

In each case one-third of the cells failed to form visible 

colonies. Yet when such suspensions were introduced into 

nutrient me::lium and then examined after some grovtth had 

taken place but before there was any detectible increase in 

titre, less than twenty percent of the cells pad the appearance 

of cells from the stock suspension. The fraction of these cells 

that were capable of forming visible colonies could not 

be determined. Whether the distribution of the nuclear bodies 

in the non-viable portion of the population was different from 

the rest of the group could not readily be determined. 

Although the stained smears were inadequate to make an accurate 

ftetermination of the distribution of the nuclear bodies, a 

fairly consistent appearance of the cells under different 

cultural conditions was noted. Vlith but one exception it can 

be said that the culture media had no detectible effect upon 

the distribution of the nuclear bodies. 

Examination of th·e HCl-Giemsa treated cells from. the 

steele suspensions of strain B/r grown in nutrient broth and 

synthetic medium showed that both of these populations consisted 

almost entirely of small ellipsoidal or very short rod-shaped 

cells. The nuclear stain after hydrolysis was taken up by 

most of the cell. No distinct nuclear bodies could be detected 

in these cells. Prolonged Qydrolysis tended to eliminate the 

uptake of stain in the center of the cel~s, leaving the cells 

with only dense bipolar staining. A marked difference was 

noted however when cells from a twenty-four hour nutrient broth 

~~~ 

I 
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plu~ glucose culture were examined. These cells were mainly 
.•,.) 

long rods, appearing similar in general appearance to loga

rithmic phase cells, but on the-average were longer than 

these. Nuclear staining revealed that in some of the cells 

there was apparently a higher degree of nuclear multiplicity 
' than found in any ot·tne 'logarithmic phase cells. However 

the. internal detai'is were ooiJcured by poor staining and the 

presence of large vacuoles:. 

When the "resting"'"' ce-lls were introduceQ. into fresh 

medium aild permitted to grow two marked changes, in the appear

ance of the stained cells were no ted. The cells weflJ'e stained' 

more densely than the old cells and after hydro~ysis the cells: 
\ 

were found to contain more than one nuclear body. Hydrolysis 

of the lag phase cells.was very difficult because of the large 

amount of cytoplasmic material taking up the stain. Toward 

the end of lag phase both the nutrient broth and synthetic 

medium cultures of strain B/r were composed almost entire~y 
. 

. of cells with tw,o to four nuclear bodies each. At this point 

(' \ 

the larges.t percentage of cells we.re of the .tetra!'"'.nucleate.d 

type. 

The appearance of the cells in the logarithmic phase; 

of growth from the three ,types of culture media used in 

these experiments · .. w~e quite consistent. · There was no evident 

difference in the cells from the three ~edia. In this phase 

of growth essentially all the cells were found to have several 

nuclei ea~h. Most of the cells 'contained two to four.nuclei. 

A small fraction had a higher nuclear Ill;Ultiplioity than this. 

Table 3 shows the estima te<:i distribution in the cells of a 
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logarithmic phase, nu~rient broth culture of strain B/r. 

The figures in this table ·are basErl on a count of over 700 

cells. Examination of the logarithmic phase cells grown in 

the three media failed to revea-l any differences in the cells 
::-· 

tha t.,would indicate a difference in the nuclear distribution. 

Table 2. Nuclear distribution in logarithmic culturee 

Nuclei 
Per Cell 2 4 )4 ' 

Fraction of 
Po;2ulation .32 .66 .02 

Av .. No. ot 
Nuclei/Cell 3.5 

The average nuclear counts. inaccurate as they may be,. all 

clustered around a value of 3.5 and varied from~.about 3~0 

to 4.0. There WA-B e~ssentially no difference in the size ot 

the cells from the, three culture media when comparable phases 

of growth was .consid&r,ed... It __ is concluded' that the nuqlear 

distribution of strain B/r in, the logarithmic phase of growth 

is not altered by any"9f the ault.ture m3dia used in tl}is series 

of experhnentsl'. 

Transverse Cell Walls 

Examination of smears of actively growing cells. stained 

to show the cell walls gave no evidence of any difference in 

average number of transverse cell walls between cells grown 

in the three culture ~edia. It was noted that the cells 

t 
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usually had either one transverse cross wall or were lacking 

such a cross wall entirely. In other mrds such cultures 

were composed principally of individual cells and two cells 

separated by a cross wall but still firmly attached to one 

anotber.r There were just a few chains with more cells than 

two. Table 4 presents repre~entative counts of the number 

of transverse cross walls found in the actively grow.ing cella: 

of strain B/r at various stages of growth and in different 

media. Each of the deter.minations is based upon counts of 

400 to 800 cells each. ·When the cells were lightly stained 

Table 4. Distribution of transverse cross walls. 

Medium · Phase of Growth Cross Walls :Qer Cell 
0 _.!... 2. 

Nutrient broth Late lag .82 .18 .002 

u Logarithmic .67 .32 .01 

Synthetic medium Early lag .96 .04 .oo 
n Logarithmic .71 .29 .002 

with Giemsa or basic Fuchsin the appearance of the cells 

was sue~ that the ratio of multiple to single cell units 

was somewhat higher than when stained by the tannic acid

Cystal Violet method. It appears that the logarithmic 

phase cultures consisted of a mixture of single and double 

cells, .. the former predominating. 
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X-ray Inactivation 

The X-ray survival curves of the stock suspensions of 

strain B/r grown in nutrient broth and s-ynthetic me.dium, are 

shown in figure 1. These curves are each the average of 

four separate de termina tiona. The average slope of the 

nutrient broth curves is .07~ j .oos, while the average 

slope of the synthetic medium survival curves is .084 f .003. 

There is essentially no difference in the survival of. the 

two types of cells. and the dose-effect curves are of the 
I . 

typical exponential type. 

In table 5 are presented the data from four experimental 

determinations of survival curves of strain B/r exposed to 

X-rays, · Thes.e (<ile~terminat1ons were .made .on logari~thmio phase 

oul tures grown in nutr!e.nt broth. In all oases1, after :a 

sample of the stock :was introduced into .fresh broth, the 

.oul tures were inouba ted at 37°C with aeration for .four hours, 

at which time a sample was removed for the determination. 

The experimental data appearing in this table are the number 

of' seconds each sample was exposed to the X-ray beam :(constant 

intensity of 250r/sec.), the relative cell concentration 

that was spread on each plate prior to exposure, the number 

of bacterial colonies counted at each dose leve.l and the 

percent·age ~f the organisms surviving each dose level. 

Also 1ncludedt. in table 5 are the values of n, the values 

obtained :waeri:lthe :str!Light line.portions of the survival. 

curves al"•e ex.t.r_apolated back to D :: .Oo These. values 

' 

I 
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Table 5. X-ray survival data of logarithmic nutrient broth 
culture. Dose rate: 250r7 sec. 

Dose Cell Colony Count Percent Survival 
(sees) Cone. Exp.-1_ 2 3 _!_ Exp._1_ 2 3 4 
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c:::clcula. ted by the method of. :1.0 as t squares s The value 

of n for expel"'irr.ent four is tho third approximation, whereas 

the values given for tbe.rama.inder of the experiments are the 

first approximation (see the appendix for the statistical 

procedure). The da. ta in table 5 are presented graphically 

in figure 2. Figure 2 clearly shows that all the survival 

curves of the organisms growing under this set of conditions 

are de.finitely of a sigmoid type with a 11hit number" of 

· approximately two. 

The data from four determinations of strain B/r growing 

in sJ~thetic medium are given in table 6 and figure 3. 

These determinations were made on cells in the ~ogarithmic 

phase of growth. After an aliquot portion of the synthetic 

medium stock had been introduced into fresh synthetic medium 

the cultures were incubated for either five or six hours 

prior to testing. The lag phase of Escherichia coli cultured 

in synthetic medium is considerably longer than those grown 

in nutrient broth.. Reference to figure 3 makes it evident 

that a. sigmoid curve wa.s also obtained when cells cultured 

under these conditionswere irradiated w.ith X-rays. However 

it is apparent 'that the calculated intercepts of the straight 

line portions differ from those obtained when the organisms 
' 

are grown in nutrient broth., The average value of n in these 

... -..-
The author ~ishes to express his appreciation to George 

Steck and Professor H. Scheffe' of the · Statistics La bora tory, 
University of California for their development of the 
statistical procedures used in the treatment of these da.tn. 
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Tablo 6. X-ray survival data of logarfthm:l c synthetic medium 
cul ttU'0. Dose rate: 250 r/sec. 

DOS(:; Cell Colon,[ Count. Percent Suryj_tr:J.l... 
(sec"') Cone. Exp.__L 2 3 4 Exp~ 2 3 _i_ 

0 .01 678 294 600 344 100 100 100 100 
'li 

t:" v fJ ', ' 456 76 

6 If, 258 266 88 77 

. 10 " 402 420 59 70 

12 IJt 165 181 57 52 

15 n 285 47 

18 "' 108 118 37 34 

20 " 216 181 32 30 

24 .10 642: 577 22 17 

25 II * 76 13 

30 " 976 384 
... 

627-or 306 14 13 10 Bco9 

35 tr 93tf: 5.2 

36 tl 219 104 7.5 3.0 

40 I! 326 39# 4.8 2;.2 

42 1.0 942: 726 3.,2 2.,1 
0 

33# 45 " 1.8 

48 n 465 273 1.,6 .79 

50 " 894 1.3 

54 " 273 170 .93 o50 

60 II 276 126 49 .41 G\43 ol-1 

- ... 4.8 4.1 3~8 
~ 

n ... 3.-1-. 5 
-~ 

.;;:-d:tlu tion - 1.0 -
i[di1u tion ... 0.3 -
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experiments is approximately four., The value of n fo-r 

experiment four is the third appl"o.ximation whereas the other 

three are the first appro.x.imatio.:tru., 

Microscopic examination of th;e1 cells during the Jlattter 

part of tbE;l lag phase shows that. lb~oth the nutrient bro,th 

and synthetic mediUill cultures are eomposed almost entirely 

of· cells with more than one nuc1ea.r b.ody, the largest per

centage containing four such bodie~~ The hypothesis based 

on the concept of nuclear damage pred:lle:ts multiple-hit 

survival curves when the organisms are multinucleated. Figl:J.re 

4 shows the results of X-ray survival determinations on strain 

B/r during the late lag phase of nutrient broth cells and 

the middle of lag phase of synthetic medium. cells. Within 

experimental limits the survival curve of the nutrient broth 

cells is clearly exponential, indicating the neee.ssity of 

only a single decisive event in the inactivation mechanism. 

On the other hand, even at an earlier stage,·. the synthetic 

medium cells gave evidence of the appearance of a multiple

hit mechanism. The shape of the two synthetic medium curves 

can satisfactorily be explained as being due to a population 

in which some of the cells.are lagging behind in development 

to the extent that a small portion have not yet undergone 

nuclear division. As the synthetic medium cultures proceed 

farther into lag phase the survival curves ass'l.lille a more 

typical sigmoid sbape(see survival curves in Chapter III). 

Hollaender et al. (1951) have shown that the additon 

of glucose to the nutrient broth affects the shape of the 

survival curve of the mature cultures of Escherichia coli, 
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strain B/r~ In contrast to the exponential survival curve 

that is obtained upon the X-ray inactivation of the mature 

nutrient broth culture, a sigmoid curve results when the 

organisms are cultured in nutrient broth supplimented with 

glucose. Similiar results were obtained when the experiment 

was repeated in this laboratory. Knowing that the mature 

cells cultured in nutrient broth plus glucose were markedly 

different in appearance from those cultured in nutrient broth 

or synthetic medium, b~t that the cells in the logarithmic 

phase of growth presented the same appearance in all three 

media, it was felt that the investigation of the logarlthmic 

cells in the glucose supplemented nutrient broth should be 

carried out to determine if this great resistance is also 

imparted to these cells. Organisms previously adapted to 

nutrient broth plus 0.4% glucose by serial transfer in this 

medium were grown to the logarithmic phase, and the X-ray 

survival curve deter.mined. The results of this experiment 

are presented in figure 5. The effect of the ad9-i ton of 

glucose to the nutrient broth was to increase the threshold 

of the X-ray inactivation by a small amount, as shown by 

the de cr.ease in sens i ti vi ty in the low dose. region and the 

increase in the estimated multiplicity of the curve. In 

this case the straight line portion extrapolates back to 

an approxima·te value of four, a result that corresponds to 

the values obtained with the sy~thet~c medium cultures rather 

than those grown in nutrient broth. However the increase 

in resistance is far less than that manifested by the twenty-
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.four hour culture. FigurE> 6 compares the survival curves 

of the logarithmic phase and twenty-four hour cultures of 

stx·ain B/r grovm in nutriE.nt broth supplimented with glucose. 

It can readily be seen that the old culture is far more 

resistant to the lethal action of X-rays than is the 

logarithmic phase culture. ~extremely high degree of 

nuclear multiplicity would be required to explain the 
hoi)Y 

resist~nce of the twenty-fourAculture on the simple basis 

of a nuclear inactivation. 

Discussion 

The experiments presented in this part of the paper are 

'the results of an effort to determine if' there is a __ positive 

correlation betw.een the number of' nuclear bodies in a cell. 

and the inactivation kinetics ol a population of such cells 

in response to X-irradiation. The hypothesis that the l9 thnl 

effect of the radiation is brought about chiefly by nuclear 

damage was developed. This hypothesis predicts that the 

inactivation of multinucleated cells would have a threshold 

and the survival curves from such cells would be of the 
' 

multiple~bit type, the order of which corresponds to the 

average number of nuclei per cell. The inactivation of 

cells wi.th a s,ingle nuclear body would follow. a first order 

reaction, that is, have an exponential survival curve • 

Although the re·sul ts of the experiments carried out on the 

organisms grown in synthetic medium are in good agreemenst 

with those predicted by the hypothesis of nuclear damage, 
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the results q~tl1ned when the organisms were cultured in 

nutrient broth ~re at variance w:l..th the results predicted 

by this hypothes:l..s. In the latter ~art of lag phase, 

where essentially all the q~lli were multinucleated, the 

X-ray survival curves 11:1 th§ gt.l,f,ll@ ~f th® nutrient broth 

grovm cells were exponent.'!g.l, Althem~h th® survival curves 

of the logarithmic ph9.~e ~~:U,§ gt>own 1n nut:r:l..ent broth were 

of the sigmoid type~ th@ or4§:r gf th§ @U~ves did not agree 

w:l..th the average n~clear numR~~ ®~t1m~t®d. from the study of 

the stained cells. 

In the case of the 1Qg~r1thm1o phAII survival curves 

of the three different G\.f\.tlJX!@s the a;rgum,ent can be raised 

that experimental error algn@ m1Ght aaaount for the differ

ences in the order of the mult:l..ple-h:l..t curves. If the proper 

dose-reduction factors are aPIJlied to these curves so that 

the ten percent survival levels coincide in all three cases, 

it can be seen that ten to twenty percent errors in the high 

and low dose regions can account for the observed experimental 

differences. By adjusting the experimental results by such 

a factor the three sets of curves can be made to approximately 

coincide. However, to make two sets coincide would require 

that fol:' one· set the survival would have to be decreased in 

the low dose region and increased in the high dose region. 

In other words it seems very unlJkely that random errors 

can account for the differences. Als,o, the fact that the 

mathematically extrapolated intercepts cluster around the 

two values of twa and four respectively, and there is no 
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overlappin3 of values makes this idea Untenable. Therefore, 

to account fpr the observed diffB~ences by aQ expe~imental 

m·ror would require the introduction of a systematic error. 

Tl .e experimental determinations were made on different 

Ctltures at Widely spaced ti~es, as ta~ as two months apart, 

so that a peculiarity of th~ ~xperiMerital conditions at the 

time of any one experiment cannot account for the discrepancies. 

The error, ir it exists, wouid appear to be an integral part 

of the experimental technique. 

The ititroduction of a systematic error of the type 

whereby the dose-reduction factor is hot a constant but is 

proportional to the dose would alter th~ shape O:f the curve 

and sUbsequently the hit numbe~ of the curve: For example, 

if the rtutrient broth growrt celia pa~tiallj recover from the 

effects of the X-rays by the application of some unrecognized 

factor and the rate of recovery increases with dose, then 

the slope of the survivai curves would continue to decrease 

with increasihg dose, effectually reducing the hit numbe~. 

However, as explained ih Part !!!, when the logarithmic 

phase nutrient broth cells are placed ·under conditions of 

minimum·· recovery only the slope of the survi vai curve is 

changed, the hit number remains constant. !t is realized 

that in the case or the logarithmic phase survi~al curves, 

an urd'dreseen syst.ematic error can account for the observe:d 

differences. 
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Such an explanation can also be applied to the results 

obtained with the lag phase cells. However, a larger magnitude 

of error would be involved in the change from an exponential 

to a sigmoid curve. When the lag phase survival curves in 

figures 7, 8 and 9 are compared, it is apparent that as much 

as a 100% :error must be involved to account for the results 

on this basis. Certainly the data suggest that the differences 

are inherent in the organisms rather than external and the 

differences are real rather than apparent. If such is the case, 

then a reexamination of the proposed mathematical model is 

indicated for possible explanations for the differences noted. 

If the events leading to inactivation occur entirely at 

random, any survival curve can be theoretically described 

by three parameters (for a more complete discussion see 

Zirkle, 1952) : ( 1) the number of entities or ·~targets" that 

must be altered in a decisive manner in order to produce 

the desired effect, (2) the number of events or''hits" that 

must act on each target to bring about the necessary altera

tions and (3) the average number of events produced per cell 

per unit dose. The morphological o~ chemical composition 

of a cell may affect any or all of these parameters.'· Let us .. 
now consider how a change in the state of the cell may affect 

these parameters and consequently the forms of the survival 

curves. 

It is quite obvious that the number of targets to be 

altered may vary considerably under the conditions of these 
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experiments. The target may be nuclear in nature. We have 

already seen that there is a .considerable variation .in the 

number of nuclear bodies per cell under the conditions 

imposed upon the organisms. Also, if esse:ntial enzymes are 

the entities that need be inactivated, a change in the number 

of enzyme molecules can easily be anticipatede A change in 

the physiological state of an organism can make a profound 

change in the quantity and quality of the enzyme systems of 

the cell (Stephenson, l949). Thus we can see that.marked 

changes in the shape of the survival curves are not unexpected. 

Another factor in regard to this parameter that must be taken 

into account is the possibility that "\1a.rgets may be inactivated 

in groups. That is, more tharL one target may be altered 

by events· originating in the same ionization· track. If such 

a process is taking place then the apparent target number 

would be less than the actual number by a factor associated 

with the average number ot: targets inactivated per track. 

Atwood and Stapleton (1952), after irradiating vegetative 

cells of Escherichia coli, found that with 250 kv X-rays 

the surv4.val curve WtiS exponential but when a similia·r sample 

was exposed to 1.1 Mev gamma rays an average of two hits 

was required to inactivate each cell. Such reasoning may 

be adequate .to explain, on the basis of a nuclear lethal 

effect, the low hit number obtained with the logarithmic 

nutrient broth cultures, but it would also require that on 

the average a single ionize,tion track could inactivate all 

four nuclei of a lag phase cell, a not impossible but a 
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a rather unexpected event, especially in the light of in

vestigations shovdng the relative efficiency of cytoplasmic 

and nuclear irradiation and when the spatial relationship 

of the nuclear bodies is considered. Zirkle and Bloom (1953} 

by means of a microbeam of protons found that hundreds of 

particles through the cytoplasm were necessary to bring 

about an equivalent nuclear damage that could be produced 

with a few protons through the nucleus of newt heart cells. 

The number of hits required to inactivate a single 

target obviously depends upon the nature of the biological 

object, and quite conceivably that object may be modified 

by altered cult ural conditions such that the number of hits 

required to inactivate it may vary with a change in the state 

o:f the cell. Here again the origin o:f more than one hit may 

lie in the same ionization track thus giving a hit number 

lower than is actually the case. The experimental conditions 

and the accuracy o:f the present experimental techniques are 

by no means adequate to dif:ferentiate between a multiple-hit 

target and a multiple target. It is possible that the target 
. ' 

under consideration is the same ~ructure in all the different 

states investigated but the number of hits to produce the 

lethal effect varies from state to state., 

The third parameter, the average number of events produced 

per cell per unit dose, depends upon 'the physical and chemic.::•l 

state of the cell.. A variation in this parameter will alter 

the probability that the ultimate biological effect is 

establi::;hed. r:ehe slope of the survival curve is determ:lncd 
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by the value of this parameter wl1erea.s the first two parameters 

determine the shape of the curve. 

Three of the assumptions made in the development of the 

lypothesis of' a lethal nuclear damage have an important 

tsaring on the interpretation of the results in the light 

of this hypothesis. The as~umptions were made that (1) each 

nucleus is inactivated by a si~gle event and the events 

leading to the inactivation of more than one nuclear body 

do not have a common origin, (2) the inactivation of one 

nucleus does not affect· the further reproduction of the 

other nuclei within the cell or the cell as a whole and (3) 

the sensitivity of all the nuclei at any particular time of 

growth is the same. ·The ef.fects of the first assumption on 

the experimental results have, already been considered. 

If the second assumption is incorrect in that the 

inactivation is a dominant effect, dominant in the sense 

that the inactivation of' a ~ingle nucleus will render the 

entire cell inviable, then the experimental results obtained 

with the nutrient broth cultures can be explained so that 

they are still compatible with the hypothesis. Throughout 

a large part of the lag phase the cells are multinucleated 

but still predominantly single cells. If the inactivation 

of one nucleus is dominant then the survival curve of such 

a population would be exponential. In the logarithmic phase 

the appearance o~ the stained cells indicated that a con

siderable portion of' tbe cells were in f'act double cells. 

If the logaritlmic phase cells are indeed double cells and 

... 
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are independent in so far as the radiation effects are con

cerned, the result of a dominant inactivation would be a 

t'wo-hit survival curve.. However this would .re,quire that 

the inactivation of cells grown in synthetic medium is brought 

about by an entirely different mechanism or that the dominance, 

for one reason or another, cannot be expressed. One reason 

that the dominance could not be ex11ressed throughout the 

entire cell would be that each nuclear body and its portion 

of the cytoplasm are independent physiological units. In 

such a case the inactivation of one nuclear body would have 

no influence on the. v:ta.bili ty of the remaining nuclei or 

the cell as a whole. Robinow (1944) demonstrated the presence 

of transverse septa in the vege ta. tive cell of Escherichia.~ 

coli, the formation of which preceeds that of the cell wroll. 

The septa are found to divide tne cell into equal parts 

and lie between the nuclear bodies. Robinow·found that 

these units were not in most cases physiological independent 

in their response to cold shock. The study of the stained 

cells has failed to reveal any differences in the. cells grown 

under the two cultural conditions that would explain,the 

difference in response to X-rays on the basis of morphological 

structure. 

In view o.f the fact. that the actively growing cells are 

in all stages of division, the validity of the assumption 

that all the nuclear bodies are equally sensitive to the 

X-irradiation (see equation 8} seems doubtful. Certainly 

in higher organisms the sensitivity of the nucleus to radia ti.on 
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varies considei·ably with the stage of mitosis. If, in the 

case of Escherichia coli, there were. marked differences in 

sensitivity between the various members of the population 

the survival curves ~Duld indicate a mixed population by 

an upward inflection of the curves. This would occur at the 

point where the more resistant fraction dominates the surviving 

population. The absence of such inflection points in most 

of the survival curves indicates that any difference that 

might exist is small or is displayed by only.a small part 

of the population. On the other band if there is a difference 

in the sensitivity of the nuclei of each cell and the dis-

. tribution of sensitivities among the cells is tpe same, then 

the survival curve might not reveal this difference as shown 

by a break in the curve. At high doses the survival curve 

of such a population will approach that of the least sensitive 

of the nuclear bodies in each cell. If the difference between 

the least sensitive body and the remaining ones of each 

cell is sufficiently large then the survival curve of the 

cells will be identical with that of t11e most resistant 

nuclei. Nuclear inactivation of these cells would result 

in a fam:J.ly of survival curves such as those due to a dominant 

nuclear effect. Again such an explanation of the experi

mental results would call for an une::pected difference 

between the cells of the two cultures.. This would require 

that the nuclei of the synthetic medium cells have the 

same sensitivity at any one stage of growth and that those 

grovm in nutrient broth have the peduliar n1is tributj_on men tione~,. 
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Another alternative that should be considered in the 

explanation of tbe expe.rimental.results is·that more than 

cne mechanism of inactivation is,attendant upon growth of 

the culture. If each cell is subject. simultaneously to t\10 

or r{jore inactivation n:echanisms, the probability that the 

organism will then survive is the prod,uct of the probabili tic:.~ 

of surviving each independently, if there is no rnutu::1.l inter·~ 

action between the two processes. If the equations relating 

survival to dose for two processes are as follows: 

s
1 

: 1-(1-e-klD)n 

s2 = 1-(1-e-k!D)s 

then the survival curve for the combined processes s1 and s2 
will have a slope of k1 plus k2 and the intercept of the 

straight line portion will be n•s. The initial slope of the 

survival curve for the logarithmic phase, synthetic medium 

cultures was somewhat steeper than that of the theoretical 

curve of the form 

where ci·and· c2 represent the appropriate percentages of 

organisms having two and four nuclear bodies respectively. 

Th~ may indicate that two processes are taking place 

simultaneously under these conditions. However more accurate 

survival data are needed. to detel'llline .if this difference .at 

low doses is significant or not. The present data are in 

agreement with the explanation that the cells grown under 
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the two cultural concli tions are both sensitive to the same 

process of inactivation and with the initiation of growth 

an additional mechanism appears in those cells growing in 

syntl).etic medium. This additional mechanism would have to 

be of the multiple-hit type with a multipliciti of about two. 

HoHever, Hhen the. post-irradiation growth conditions are such 

thc;.t the X-ray recovery is miniumum (see part III) the slope 

of the curves for each type of cell is about the same at 

each stage of gro'r~th. This m'eans that in order for- this 

explanation to be valid the sensitivity of the mechanism 

common to both organisms would have to vary differently in 

the two types of organisms. In other word's, this mechanism 

.would be less sensitive in the actively growing synthetic 

medium cells than in the corresponding nutrient broth cells. 

Even if there is found to be a pesitiv~ correlation 

between the .number of nuclei and the shape of the survival 

curve this is by no means rlgorous proof of a nuclear damage. 

If the sensitive sites are extranuclear factors th~t vary 

in the same manner as the nuclear distribution, then the 

survival curves would be the same as if the inactivation 

sites lay. in the nuclei. Certainly mechanisms other than 

nuclear dam~ge can be postulated to explain the experimental 

results. Some of these possible mechanisms have been mentioned. 

On the other hand, the data presented cannot be considered 

as being inc,ompatible vJith the hypothe.sis of the nuclear 

damage being the principal factor in bacit,erial inacti vD.tion. 

A possible interaction between the nuclei and the efficiency 
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of a a:ingle ionization track in inactivating more than one 

target must be· considered and their importance assessed 

before such a,proposal may be rejected on the basis of such 

evidence as has been presented in this paper. Further 

investigation is necessary before the relative merits of 

the various alternative explanations may be assigned. 

Additional information on the role of the nucleus in 

bacterial inactivation might be gained by following simul

taneously genic mutation and bacterial inactivation. It 

has already been mentioned that a mutating dose of ultraviolet 

light to a group of multinuc~ated coli ~ould produce mutants 

in the for.m of sectored colonies (Witkin, 1951). The most 

simple explanation of this is the production of a hetero

zygous nuclear state of the cell from which the colony arose. 

Subsequent nuclear segregation would yield a mixed colony. 

This is earsily followed by plating the irradiated bacteria 

on Levene's eosin-methylene blue agar. The _original stock 

is able to ferment the lactose present in the medium and 

this reaction causes the cells to assume a deep red color. 

Any lactose-negative mutant would produce· a white cl-one • 
. 

If a population of multinucleated cells is given a mutating 

dose of ultraviolet light and subsequently exposed to varying 

doses of X-rays, it would be anticipated, ~f the nucleus is 

indeed the site of inactivation and the effect is not dominant, 

that the ratio of sectored to t'otal mutant colonies would 

fall with increasing dose of X-rays. With a sufficiently 

large dose the surviving cells would h~ve an extremely small 
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probability of having more than one viable nucleus. In such 

a case no sectored colonies should he noted. If the effect 

is dominant and the organisms are a·ll single cells then the 

distribution of sectored colonies should not change with 

X-ray dose except for the additional mutations brought ab.out 

by the X-rays themselves. The presence of the sectored 

colonies would persist even at very high doses. In case 

there is a distribution of nuclear sensitivities the number 

of sectored colonies: would f'mll rather rapidly with doo e. 

A comparison of' nutrient ·broth and synthetic medium grown 

cells given such a. ·treatment might yield some very interesting 

results. 

Another suggested experiment is to compare the response 

of the organisms grown under 'the two cultural conditions to 

a number of ionizing radiations with diff'erent densities of 

ionization. Possibly a different response to changing rate 

of' energy loss might be noted from the two types of cells. 

In the case of the nutrient broth grown cells, it has already 

beenmentioned that a change in the shape of the survival 

curve was noted with a change in ionization density. Whether 

the synthetic medium grown cells would respond similarly·is 

open to question. 
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Iii 

Modific~tion of Radia..tion Sensitivity by Changes 
In the Physi·ologica.l Sta. te o:f Escherichia. coli 

Introduction 

Part II was concerned 'With the order of the inactivation 

kinetic.s of Escherichia. .£.2.!! in different morphological and 

physiological states. The. results were discussed in relation 

to the hypothesis that nuclear inactivation· is .. the primary 

mechani.sm in the lethal effect of X-rays on these organisms. 

In this section the sensitivity to both X-rays and ultraviolet 

light at various stages of physiological devel·opment will 

be examined for possible explanations :for the noted changes. 

First to be considered are some of the cellular changes 

that are known to take place in these organisms when they are 

placed under the cultural conditions used in these experiments~ 

When the small ellipsoidal or short rod-shaped cells from an 

old culture are introduced into a fresh medium (either a rich 

medium like nutrient broth or a synthetic medium such as was 

used in these experiments) marked changes take place' .in the 

appearance of the cells.· During the lag phase, that period 

in which there is considerable growth with very little cellular 

division, t}?.e cells increase in size, espectally along their 

major axes. If only the increase in cellular mass is con-
. .. 

sidered there is very little lag in time before' the maximum 

ra. te of grow.th is a. tta.ined. Be cause of this discrepancy in 

the growth rate and the division rate the cells attain their 
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maximum size at tbe end of· the l'ag phase. With the onse.t of 

division the size of the cell dac·reases. Throughout the 

logarithmic phase of growth the po-pul'at'ion is composed'of 

long slender rods. The varia'tlon in n'U'6lear multiplicity. 

during these periods was discussed ih ·ciM'p'ter II. 

Malgrem and HedE!n ( 1947) and' .MorsEf.; and ca·r'ter ( 1949) 

followed the variation in nucleic' acid content ol'' E'scherichia 

coli through the lag phase and into· the loga:ri thiri.ic phase o:r 

growth. Among the observations made··by these invet:itigators 

was that the average nucleic acid cont~nt per cell increased 

in the lag phase and reached a maximum value at a time 

corresponding to the start of cellular d1,}-i$1on. · At this 

time the total nucleic acid content was 5-10 times larger 

than that initially present, that is, in. the cells from the 

stationary phase of growth. Malgrem and Heden, by following 

both the variation in cellular volume and nucleotide content, 
" found that not only did the nucleotide content per bacterium 

increase during this period but the concentration as well. 

With the commencement of division, the nuclei.c acid content 

per cell dropped and during the logarithmic phase approached .. 
that initially present. Two important strain differences 

were noted by Morse and Carter. They found that strain B/r 
( 

contained 3-4 times as much desoxyribose nucleic acid as 

strain B. Also during the logarithmic phase the des.oxyribose 

nucleic acid content of strain 'B/r fetl to one-fourth the 

initial value while that of strain B approac~ed the original 

value. In the case of desoxyribose nucleic acid the·maximum 
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at the end of lag phase -in both strains was only about twice 

that originally present. Malmgren an:d l:Ieden f--ound t;ba:t the 

protein content of the individualbacterium on the whole 

followed a similiar course as the nucleotide content, with 

the ex~eption of a small initial decrease in the protein 

content. 

Many examples of variation in the chemical composition 

and enzymatic systems of the bacterial cell under different 

physiological conditions have been cited (see Stephenson, 

1949). This wide possible variation in the state of the 

cell coupled with its ability to grow in a variety of cultural 

conditions permits the use of a large number o~ both pre-

• and post-irradiation conditions to be imposed upon the cell. 

This type of organism has a high degree of plasticity and 

therefore possesses distinct advantages for the application 

of agents that might have a modifying effect on the radiation 

sensitivity of the.cells. 

Experimental Methods 

The methods used in this series of experiments were 

essentially the same as those listed under methods in Chapter 

I with the exception that in some cases the organisms were 

irradiated in broth suspension instead of on the surface of 

agar plates. When this technic was used the organisms were 

suspended in 0.8% Difco nutrient broth. In order to avoid 

appreciable absorption of the low energy components in the 

X-ray beam in the upper layers of the suspending fluid, 
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0.02 ml. of the broth suspension was spread on the surface 

of a clean, sterile, circular glass coverslip 25 mm. in 

diameter. The suspension was exposed to the beam while on 

the coverslip. After exposure the coverslips were washed 

in buffer and, when necessary, further dilutions were made 

ih buffer. 0.,1 ml. samples'of the washings or their appropriate 

dilutions were then spread on the agar plates. 

Experimental Results 

A. X-ray Inactivation 

Inactivation of Cells Grown in Nutrient Broth 

The variation in response _to X-irradiation of strain 
' B/r has been followed through the lag and logarithmic phases 

of growth in both nutrient bro.th and synthetic medium. 

Representative experimental results.~of 'the X-ray survival 

curves of nutrient broth ·grown cells are graphically presented 

in figure 7. The data are tabulated in table'7• The organisms 

used. in these determi:ria tiona came from four .. separate cultures. 

They were started from the same stock suspenaion and 'were: 

cultured on successive days. .The age -of the, culture at the 

time a sample was removed for the survival curve determina-

-tion is· indica ted on ! t;he, gr~.ph for each curv,e. Zero time 

represents the survival,curve of the stock suspension. Also . . ' . 

shown in the graph is the_growth curve of the cultures. 

This is p~esented as the viable titre at the time indicated 

relative to that a:t the time the cultural medium was innoculateP,. 



-56- UCRL- 3055 

Table 7. X-r&y survival data of Escherichia coli, strain B/r 
after various periods of growth in nutrient broth. 
Dose rate: 125r/sec. 

0 
50 

100 
150 
200 

0 
60 

120 
180 
240 

.01 

.01 

.10 
1.0 
1.0 

"l \... ... 
'4 (. q 

·~ 1:1 = 
0 ..:1 ::> 
... <:1:. ~ 
0 ll,j ;) 

v 0..~ 

664 
97 

158 
197· 
21 

100 
15 

2c4 
.30 

.031 

.01 376 100 

.01 143 37 

.10 328 8.7 

.10 93 2.5 
1.0 325 .87 

0 .01 402 100 
80 .01 156 39 

160 .10 529 13 
240 .10 185 4.6 
~20 1.0 830 2.1 

0 .01 628 
80 .01 161 

160 .10 279 
240 .10 60 
320 ,. 1.0 124 

0 .01 282 100 
60 .01 92 33 

120 .10 131 4.7 
180 .10 29 1.1 
240 1~0 54 .19 

0 
50 

ioo 
150 
200 

314 
109 
146 
264 

52 

100 
38 

4.7 
.84 
.16 

' 

Stock 

0 
40 
80 

120 
160 

0 
60 

120 
180 
240 

.01 
~01 
.10 
1.0 
1.0 

... 
0 
v 

822 
231 
445 
932 
231 

100 
28 

5.4 
1.1 
.28 

.01 690 100 

.01 173 25 

.10 258 5.2 

.10 74 1.1 
1.0 .254 .37 

120 mtn 

0 
80 

160 
240 
320 

180 min. 

.01 546 100 

.01 272 50 

.10 828 15 

.:ro 407 7.4 
1.0 1358 2.5 

0 .01 474 100 
82 17 

146 3.,1 
320 .68 

81 .17 

80 .o1 
160 .10 
240 .10 
320 ' 1.0 

240 min. 

0 .01 840 100 
60 .01 261 31 

120 .10 229 3.9 
180 1.0 508 .61 
240 1.0 94 .11 

300 min. 

6 
40 

80 
120 
160 

.61 
•01 
.10 
1~0 
L.O 

782 
281 
674 

1506 
371 

100 
36 

8.6 
1.9 
.48 



_J 

§ 
-> a:: 
::> 
(f) 

t-
2 
w 
(.) 
a: 
w 
a. 

50' 
DOSE, Seconds -5 7 ~ 

100 l50 200 250 300 350 

120 

o 0 minute growth' 
• 60 minute growth 
o 120 minute growth 
• 180 minute growth 
e. 240 rrrirlufe growth 
• ~00' mltltite· growth ' 

'·· •• 

t80 "240 
GROWTH 
F'i trur6 7 

w 
·100 0:: 

t-

10 

t-
Ld 
_j 
m 
<t 
> 
w 
> 
~ 
...J 
LJ.J 
a: 



Thes.e cultures were all started by adding 0.05 ml. of the 

stock suspension to 20 ml. of nutrient broth. The organisms 

were. exposed to the X-ray beam with a constant intensity of 

125r ,per second. 

It ce.,n r.e.adily be seen that the organisms show a progressive 

increase in >P.esistance duri~g the lag phase. The survival 

curves during this period are best represented by an exponential 

type ;eurv~. The peak of the resistance coincided with that 

period when cellular division had commenced or was about to 

begin. With the onset ·of division there were two notable 

changes that took place. First, there was a progressive 

increase in the slope of the curves, or in other words, 

an increase in the sensitivity of the organisms. Secondly, 

the shape of the survival curves changed from an exponential 

curve, representative of the lag phase,·to a sigmoid type 

curve. This type of survival curve persisted throughout the 

logarithmic phase. The order of the curve throughout this 

period was, essentially the same. The straight 1line l portion 

extr~polatej,to an approximate value of two at the vertical 

intercept. 

Inactivation of CellsGrown in Synthetic Medium 

When the organisms were cultured in synthet'ic· medium a 

CL~ffere~t sequence in the response to X-irradiation ·was noted 

.~rom that exhibited by those organisms grown in nu~ent 

broth. Figure 8 and table 8 show graphically the typical 

results obtained when the X-ray survival curves of strain B/r 
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grown in synthetic medium were determined at various phases 

of growth. In this particular experiment 0.6 ml. of a stock 

suspension of synthetic medium grown cells was used to 

innoculate 20 ml., of synthetic medium. The organisms were 

exposed and subsequently cultured on the surface of nutrient 

agar instead of synthetic medium agar. This departure from 

the routine technic of growing the irradiated organisms on 

a solid medium of the same type as the liquid medium in 

which they were cultured prior to irradiation produced no 

detectible dif.ference in the survival of these organisms. 

The justification for this change in procedure will be brought 

out later in the paper. Figure 9 shows a more'detailed set 

of survival curves for the lag phase cells. In this experi" 

ment the size of the inoculum was reduced by a factor of 

one hundred over the previous experiment. 0.006 ml. was: 

added to 20 ml. of synthetic medium. The length of the lag 

phase is dependent upon the bacterial concentration initially 

present in the culture. During the two hour interval covered 

in this experiment, there was no detectible increase in 

viable titre. -. 
As· previously mentioned the survival curves assumed a 

sigmoid shape early in the lag phase, in sharp contrast to 

the results-obtained when the organisms were cultured in 

nutrient broth. Also it can be seen in these graphs that 

there was no notable decrease in the ultimate slopes of the 

curves during the lag phase. Whereas, in the case of the 

nutrient broth grown cells a marked increase in resistance 
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was noted during the lag phase, there was relatively little 

change in the resistance of these cells during the same 

period. With the onset of division there was some decrease 

in the slope of the survival curves of the synthetic medium 

grown cella. During the logarithmic phase there was very 

little change in either the' shape of the curves or their 

t'inal slopes. 

The fact that the synt;het!.e medium grown cells had 

previously been adapted to this medium by serial transfer 

in t9e medium raise4 the question of a possible selection 

in the favor of a mutant that has a different response to 

X-irradiation than the original strain. Figure 10 shows 

the survival curve of a twenty-four hour nutr:lent broth 

culture and the survival curve obtained when a sample from 

the nutrient broth culture was introduced into synthetic 

medium, incubated for two hours at 37°C and then tested for 

response to X-irradiation. The second curve demonstrates 

that the two hour culture responded to the X-rays in the 

same manner as the previously adapted cells of' the same age. 

During this two hour period in which the number of viable 

cells increased only by a factor of' 1.6, all or nearly all 

the cells demonstrated this response to the medium. Therefore 

the possibility that the technic for adapting the organisms 

to the synthetic medium selected in favor of a mutant and 

the mutation was responsible for the different behaviour 

can be disregarded. 
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The culture rn,eo.iurn PZ:i o_r to irradiation had two important 

effects on the sups~q\1\~nt survival curves of the cells: (1) 

the "hit 11 numbe.r .:o.fi '}the curves varied according to the 

culture medium as we·ll as the phase of growth of the organisms, 

and (2) whereas there was a marked decrease in the slope of 

the survival curves during lag phase of cells grown in nutrient 

br?th, the slope increased during this same period for cells 

grown in synthetic medium. The implications of the first 

effect were discussed in Part II. It will.now be shown that 

the second effect is brought about largely by a difference 

in the relative sensitivity of the two types of cells to their 

post-irradiation culture medium, and that this is due to the 

greater capacity of the nutrient broth grovm cella to recover 

from the lethal effects of X-rays. 

Recovery·From X-irrad':i.atiori by Nutrient Broth Grown Cells 

It has been found that Escherichia coli, cultured in 

nutrient broth, can partially recover from the 1e thal effects 

of X-rays if subsequent to irradiation they are incubated 

in the presence of certain nutrient substances (pres~nt in .. 
Difco nutrient broth as well as other sources) at temperatures 

below those which are optimum for growth (Stapleton et.al., 

1953; Hollaender and Stapleton, 1954). The characteristics 

of the recovery process were those of an enzymatic reaction. 

The initial rate of the re~?ve_ry process W§S an exponential 

function of time at several temperatures tested and the rate 

increased with tenipe'rature. The maximum amount of recovery 
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was attained at 1·8°c. The;a:e authors were concerned only 

with cells harvested from 20 hour or mature cultures. 

This paper extends the investigation to include cells in 

the perlods of active growth. 

In this series of experiments nutrient agar plates were 

preheated to the desired tempera.'tures. Each plate was rapidly 

spread with the appropriate number of organisms, exposed to 

the X-ray beam and immediately returned to the proper 
. 0 80 incubator. The organi~ms were incubated at both 25 and 3 c. 

These temperatures were chosen bec~use with existing labor

atory facilities a minimum amount of time was required between 

exposure of a plate and the return to its respective incubator. 

The survival curves of cells from the end of lag phase 

~bowed· a systematic reduction in the lethal effect per unit 

oose at the lovler temperature. 'rhe dose -reduct:iion factor 

under these conditions was 1.2. This is of the same order" 

as that found for the mature culture in the same temperature 

range by Stapleton and his associates. However, when the 

logarithmic phase cells were tested in this manner, there 

was no difference within experlmental error between those ·. 
incubated at 38° and 25°C. Figure 11 shows the influence 

of post-irradiation incubation temperature on the viability 

of strain-,Bjr cells from the end of lag phase and in the 

logarithmic··ph&se. · The range from 2° to 38°C was tested 

for the logarithmic phase cells so as to include any variation 

in the distribution of., sensitivity at various temperatures. 

It was found that there-was a slight_recovery at suboptimal 
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temperatures, the optimum temperature for recovery being of 

the same order as that found by Stapleton and his associates 

for cells from mature cultures. In the experiment a sample 

from a logarithmic phase culture was irradiated by the cover

slip method as explained in the section. on methods. A large 

number of nutrient agar plates at room temperature were each 

spread with 0.1 ml. of the washings and quickly placed in 

incubators at the various temperatures indicated. Samples 

of the appropriate dllutlons of the non-irradiated cells 

were also plated and incubated at the same temperatures for 

control counts. The ratio of the number of organisms spread 

on the exposure plates to those on the control .Plates was 

one hundred to one. Five exposure plates and three control 

plates were prepared for each temperature utilized. The 

experimental data are given in table 9. The results are 

shown graphically in figure 12. Although these data do 

Table 9. The effect of post-irradiation incubation temperature 
on survival of strain B/r logarithmic phase cells._ 
Single dose of 20.4 kr. Measure of variability is 
standard error of mean. 

Temp. Colonies Percent, 
(oC) Controls Irradiated Survival· 

2 468:!: 17 195 :!-15 -42 

11 538 :!" 26 317 t 24 .. 59 

17 590 !: 26 6~.0 :!" 13 1.1 

25 594:22 687! 12 1.2 

30 593 :t 22 5oL,. ~ 12 .85 

38 59L~ :t 10 334! 4' .56 

.. 
' 
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indicate some recovery at intermediate temperatures, the 

effect of the suboptimal temperature of incubation on the 

irradiated cells was small. Th$ dose-reduction factor 
0 

between maximum recovery and that at 38 C was of the order 

of 1.2, slight when considered in relation to the factor 

of 1.5 obtained by Stapleton in-the same temperature range. 

However these data by no means represent the true 

capacity of the actively growing cells to recover. Stapleton 

et al. (1953) noted that recovery of the cells when plated 

on synthetic medium was slight even at 18°c, the temperature 

of optimum recovery. Figures 13 and 14 show representative 

experimental results of survival. curve determinations when 

the organisms were plated on both nutrient and synthetic 

medium agar at 38°C. Table 10 lists the dose-reduction 

factors obtained when survival on synthetic medium agar is 

compared to that on nut~ient agar, both incubated at 38¢;C. 

Table 10. Dose-reduction factors. Strain B/r grown in 
nutrient broth, plated on nutrient agar and on 
synthetic medium agar, incubated at 38°C after 
exposure to X-rays. 

Stock 

1.2 

1.2 

1.2 

Lag Phase 

1.6 

Logarithmic Phase 

1.6 

1.9 

1.8 

I't is appoarenlt that the active.ly growing cells have a greater 

potential for recovery than is indicated by the temperature 

data alone .. 
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The difference in the lethal effect of X-rays on the 

~ganisms when plated on the different media cannot be 

accounted for by a mutation of the type leadine to a supplement

able biochemical deficiency. A sample of 1ogari thmic phase 

cells was exposed to a dose of X-rays such that 97 organisms 

survived on nutrient agar but none on synthetic medium agar. 

Cells from ten of the surviving colonies were tested for clonal 

develo'pment on both nutrient and s;rnthetic medium agar. In 

each case the titre was the same on the two types of medium. 

Therefore an inheritable character such as the type of mutation 

mentioned cannot be considered as playine an appreciab.le _part 

in the greater sensitivity of irradiated cells plated on 

synthetic medium agar. 

The recovery process is dependent upon some component 

of the nutrient agar. The rate and amount of this recovery 

process is temperature dependent. 'l1his strongly suggests 

that the influence of post-irradiation incubation temperature 

and culture medium are acting upon the same recovery process, 

but not necessarily upon the same step in this process. The 

lack of"the component essential for recovery in the synthetic 
' 

medium therefore imposes conditions of minimum recovery on the 

irradiated organisms -plated on this medium. 

It must be kept in mind that the data presented do not 

necessarily express the true maximum recovery possible through 

the use of suboptimum.incubation temperatures in the presence 

of the necessary nutrients. There was an interval between 

the tlme the irradiated cells were exposed to the nutrient 

agar and the time that the temperature of the plates equilibrated 
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with that of the incubator. Even under the best conditions 

used in these .experiments, that is, when the plates were pre

heated to the desired temperature and then seeded with an 

irradiated suspension of organisms, a decided shift towards 

room temperature was unavoidable when the plates were removed 

from the incubator for seed;ing. In the.case of the actively 

gr~wine cells, such a short period could have been sufficient 

to substantially reduce the maximum possible recovery. It· 

could well be that a substantial part of the recovery had 

taken place at a temperature near that of room temperature 

before the plates had readjusted to the temperature of the 

incubator. This would leave a fraction of the process to 

.be affefted by the temperature change. If such a proposal 

is true this mems that with cells in the logarithmic phase 

of growth the recovery process is essentially completed in 

the matter of a few minutes in the rmge of 20° to 30°C. 

It is apparent from the. graphs that as growth progresses the 

relative effect of temperature decreases. This can be explained 

on the basis of the above proposal by assuming that the enzyme 

system responsible for recovery increases with growt~. 'l'he 

rate of··an enzymatic reaction is proportional to the amount 

of enzyme present. 
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Hecover;z: From X-irra.diation by Synthetic i.!edium Grown Cells 

The following data will make it evident that in the 

process of adaption to the synthetic medium the capacity 

of the organisms to titilize those substances es~ential for 

recovery from the lethal effects of X-rays has been markedly 

reduced. The percent survival of strain B/r cells (previously 

adapted to the synthetic medium) plated on the ;two types of 

media and exposed to the X-ray beam are given in table 11. 

Table 11. Percent survival of strain B/r cells, adapted to 
synthetic medium, plated and exposed on nutrient 
and sypthetic medium agar. Dose: 12.5 kr. 
Measure of variability is standard error of mean. 

Agar 

Nutrient 

Synthetic 

Stock 

1.9 ± .3 

Lag 

2.9:! .1 

3.1 t .2 

Logari'thmic 

.68 ~ .15 

.88 .t .03 

In this experiment appropriate dil'\.ltions of the samples from 

the various growth phases were spread on the surface of the 

two.solid media and exposed to the X-ray beam. The do~e was 

12 .5.kr. As can be seen there was no statistically signifi

cant difference in survival on the two media. Table ,12 and 

figure 15 show the results of post-irradiation temperature 

of incubation on survival of ad~pted cells (stock suspension). 

Table 12. T~mperature recovery of synthetic ·medium adapted 
cells after X-irradiation. Dose: 15.3 kr. 

Agar 60 11° 16°. 2!±0 ,200 ,280 

Nutrient 1.3 j- .2 1.3 t .1 2 ·4 .!: .1 1.8 ± .2 1.4 :t .1 1.0 :t .1 

Synthetic • 78.1.13 1.2:t .1 1.,7:t.1 1.3 ::t .1 l.O.:t.2 
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The organisms were exposed by the coversli'p metifl:&c!i-.. -The ~'os'e'' 

was 15.3 kr. Both nutrient agar and synthetic :med:ium· a:gar 

plates were spread from the washings. Neither the type ·of 

medium nor the variation in incubation temperature had any 

appreciable effect on the subsequent survival of the l.rra'diated 
I 

organisms. The maximum dose-r~duction factor for those plated 

on synthetic agar was of the order of 1.1 and for those 

plated on nutrient agar was of the order of 1.2. ·A comparison 

of the survival curves in figure 3 (organisms plated and ir

radiated on synthetic medium agar) with the logarithmic phase 

survival curves in figure 8 (organisms plated and irradiated 

on nutrient agar) illustrates the independence of .the survival 

·following X-irradiation of logarithmic phase cells adapted 

to synthetic medium on the medium on which they are grown. 

Reculturing the synthetic medium adapted cells in nutrient 

proth re.store s this capacity for recovery. A sample from a I 

synthetic medium stock suspension was introduced into nutrient 

broth and incubated for two hours. In this period :there was 

essentially no increase in the number of viable cells. A 

sample of the culture was then diluted in chilled buffer. and 

irradiated by the routine method of exposing the organisms 

on the surface of the agar on which they were subsequently 

grown. The pl9;tes were incubated at 38°c .. With a dose of 

15 kr it was found that survival on nutrient agar was 16% 

whereas on synthetic medium agar the survival was 1.8% •. 

Not only was the percent survival on the nutrient agar of the 

same order as that expected from a nutrient broth adapted 

.. ·, 
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culture of the same age but the reduction in ·v1iab1le cells 

on the synthetic medium agar was also of the proper order. 

The data indicate that the.: capacity to recover from 

X-irradia tion is greatly reduced when the cells :ar.e grown ~. 

in the simple .medium before being exposed •. 

B. Ultraviolet Light Inactivation 

The X-ray inactivation of strains B and B/r grown in 

nutrient broth was found tb follow similiar patterns. The 

survival curves of mature cultures of each were exponential •. 

The X-ray survival,curves of the actively growing cells of' . 
strain B were also ximiliar to those of strain B/r. That is, 

the lag phase cells showed an increase in resistance as th~y 

progressed through this period, the cur~es remaining exponential. 

'I'he logarithmic phase survival curves were of the sigmoid 

' type. The X-ray inactivation mechanism in the two strains 

appears to be the same, the only difference being the relative 

efficiency of the radiation on the two strains. On the other 

hand, the ultra-giolet inactivation of strains B and B/r are 

different •. Jhe ultraviolet survival surves of strain B 

are exponmtial in the low dose region except in a few noted 

.cases: those of strain B/r are of the sigmoid type. Different 

ultraviole.-t inactivation mechanisms appear to operate in the 

two strains. Vegetative cells of s~rain_B show an increase 

in sensitivity over that of the resting cells (Roberts and 

Aldous, 1949) whereas strain B/r has been reported to increase 

in resistance during the lag phase (Witkin, 1951). By 
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quantitatively following the ultraviolet sensit:tvity of the 

two strains throti"gh their growth phases it was aii.'ticipated 

that additional information could be obtained·'that would 

help explain the differences in their response to ultraviolet 

irradiation. 

Figure 16 shows the percent survival for a constant 

dose as a function of time of growth for strain Bjr. Figure 

17 presents representative survival curves for the three growth 

phases, resting, lag and logarithmic. It can be seen that the 

shape of the survival c·urves retained the multiple -hit form 

in each of the growth phases. Although the change in sensitivity 

was not of a large order, the sequence is quite constant. 

Reference to figure 16 shows that during lag phase the resistance 

of this strain increased to a maximum at that period when 

cellular division was initiated. During the logarithmic 

phase the resistance dropped ultimately to a point below that 

initially present. The.resistance then slowly increased as 

the cells passed into the period of declining growth rat~. 

Figures 18 and 19 show the results of a number of determ

ations of the changes in sensitivity to ultraviolet lig~t of 

st,rain B during the lag and logarthmic phases of growth. 

Each curve is the average of several separate determinations. 

It was found that in any one time period the shape of the 

curve from each determination was the same, however the 

vertical displacement of. that part of the curve representing 

the resistant fraction was quite wide. The salient features 

of this set of curves are (1) the rapid increase in sensitivity 

.•. 
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of the majority of the cells with the onset of growth, (2) 

the consistent presence of a more resistant fraction of the 

culture and (3) the change in the shape of that part of the 

curve representing the resistant fraction. 

Examina.tion of figures 18 and .19 reveals that as growth 

progressed the majority of ceils became progressively more 

sensitive to the ultraviolet light until division had advanced 

well into the logarithmic phase. From this point on the 

sensitivity decreased. The shapes of the survival curves 

in the low dose region are consistent with the idea that .the 

majority of the cells were inactivated by single hit mechanisms, 

and this part of the population was not homogeneous with respect 

to the response to ultraviolet light. 

The presence of several components in the survival curves 

of the vegetative cells of strain B suggests a heterogeneous 

population. The presence of the multiple-hit fraction espec

ially suggests such a condition. However if the population 

is truly heterogeneous and various fractions of the organisms 

··are bering inactivated by entirely different mechanisms, t'hen 

if some condition that will modify the effect of the u~tra

violet light is applied, the shape or the slope of each .com-

poaent of the curve might be altered but the percent affected 

by each rriechan.ism should not change. The post-exposure 

temperature of incubation (Anderson, 1949) and the pH of 

the plating medium (Weatherwax, 19.53) are two such modifyine 

factors. Figure 20 presents graphically the results of 

incubating a logari tl:unic culture ( 300 min.) at 3 7° and 27°0 
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after irr·adiation. The tvvo curves differ in tvro respects. 

At the hicher temperature a larger fraction of organisms 

vvas inactivated by the multiple-hit mechanism than at the 

lov1er temperature and the efficiency of inactivation of the 

fraction :killed by the single-hit mechanism decreased. 

The shape of the multiple-nit portion was relatively unchanged 

by the increase in temperature. The only difference in treat-

ment of the cells w~s the post-irradiation incubation tempera-

ture. Therefore, the conclusion must be that the increase 

in temperature brought about the recovery of a portion of 

the cells that would have been inactivated by the single

hit mechanism, only to suffer inactivation by.the other 

mechanism. The presence of the multiple-hit component at 

each phase of growth and the vertical displacement due to 

post-irradiation treatment leads to the conclusion that strain 

B can be inactivated by two different mechanisms, one of which 

is very responsive to modification while the other is relatively 

insensitive to such treatment. 

An examination of the multiple-hit component of the 

survival curves of strain B reveals a similarity b~tween .. 
this component and the ultraviolet survival curves of strain 

B/r. The threshold of both rose during the lag phase and 

decreased during the logarithmic phase. Also this component 

of the strain B curves was essentially unresponsive to 

heat reactivation. This is another characteristic of the 

ultraviolet inactivation of strain.Bjr. True, this compari

son can only. be made in a qualitative manner w:t th the data 
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presented, bu~ it strongly supports the hypothesis that the 

mechanisms that play the dominant r~le in the ultraviolflt 

inactivation of strain B/r are also present in strain B, 

but under many conditions are masked by the presence of a 

more sensitive mechanism. This leads to a rather simple 

explanation for the difference between the inactivation of 

the two strains. The mutation from B to B/r has eliminated 

or drastically reduced a single function or mech~ism that 

is very sensitive to ultraviolet light. 

Weatherwax (1953) arrived at the same conclusion from 

his data on the response of ultraviolet inactivated cells 

to pH recovery. Novick (1950) found that in strain B the 

one-hit mechanism was more photoreversible than the multiple

hit component. 
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'rhe response of Escherichia coli, strain B/r, to 

X-irradiation was influenced by the type. of mediwn in which 

the cells were· grown prior to irradiation. Two major differ

ences were noted as being brought about by the cultui•e medium: 

(1) the shapes of survival curves at various stages of develop

ment were different for cells grown in the two media (this was 

discussed in Part II), and (2) the capacity of-the cells to 

recover from X-irradlation was dependent upon· the type of medium 

in which they were e;rown. The increase in resistance of tbe 

nutrient broth grown cells during lag phase can, in large part, 

be explained as an increase in the ability of these cells to 

partially recover from the lethal effects of X-rays. V/hen 

these cells are placed under conditions of minimum recovery 

their sens1 ti vi ty is mor·e nearly the se.me as that of synthetic 

medium grown cells at the same stage of growth. 

A number of different mechanisms can be sur:gested to 

explain the recovery phenomenon. ·It has been pointed out that 

recovery cannot be explained as simple non-physiological decay 

(Staple ton e t al., 1953) • Recovery takes place only fn the . ·. 
presenc~ of certain nutrient substances and the rate of recovery 

is dependent upon temperature. Also vvhen the cells are in a 

. 00 low metabolic state, i.e., at temperatures near C, recovery 

is drastically redu~ed~ If recovery is brought about by a 

simple physical decay of activated structu1•es, then these 

conditions should have no effect upon.the recovery rate. 

i 
'-. 
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Another possibility to be considered is the protective 

effect •offered.by materials present in the. nutrients that 

will render relatively lone;-:li ved i·oniza tion products harmless 

by either combining or reactinr; with tl.em •. If such a process 

takes place at all, it nrust play an insignificant role in the 

recovery phenomenon, otherwis~ the/synthetic medium grown cells 

would.respond equally well to thenutrient agar as the nutr.ient 

broth g:r:-own ce.lls 1 without postuiating a diffe.rence in the 

transport of the protective substances through the cell membranes 

of the. two types of ce 11 s • · 

A dilution effec.t must also be taken into considera t.ion .. 
' .. ' 

If damage is mediated through the action of normal metabolic 

substrates that have been.altered in such a way as· to make 

them toxic to the organism, then the addition of more normal 

molecules might dilute the altered molecules to such an extent 

that the probability of their entering into a reaction that 

would prove to be lethal would be substantially reduced. 

However, such reasoning cannot explain the results obtained 

with the synthetic med~um grown cells without postulating 

a different radiobiological mechanism in this type of e~ll. 

'The simplest explanation of the results is.that a com-

petition is set up between two or more metabolic processes 

for the products resulting from the interaction of the radiation 

with the cellular constitutents. In the.one case the products 

enter into such re-actions ·that; they ul.timately prove to be ·lethn1 

to the cell. In the other case they are either redered • hai•mless 

by degradation or are incorporated into ~ system where tte pro

bability of their subsequen~ lethality is relatively small .. 
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It can be postulated that the subculturinG of the cells in 

synthetic medium has reduced the compl~ment of the enzyme 

system that. is responsible for the removal of the toxic 

by-products of the radiation. 

It 'is appropriate at this point to mention two recent 

findings that are important in relation to the recovery phenomenon. 

By irradiating the or~anisms in an atmosphere devoid of oxygen, 

Hollaenuer and Stapleton (1954) found that very little additional 

recovery was promoted bY. incubating the irradiated cells at 

suboptimal temperatures- Langendorff et al. (1954) compared 

the relative recovery of Escherichia coli, after exposure to 

x-rays and alpha particles, with subsequent incubation at 45°0. 

They found that the cells exposed· t.o alpha particles had a 

greater capacity for recovery than did the X-irradiated cells • 

. These findings coupled with the proposals of Weiss {1937) 

and others that the radiation decomposition products of water 

could be toxic to the cells suggests that the recovery process 

acts upon such products preferentially formed either in an 

oxygen atmosphere or under conditions of high density of 

ionization. 

The·state of the synthetic medium grown cells has important 

implications in regard.: to this idea. Two alternative explana

tions are possible for the lack of the necessary enzyme for 

recovery When the cells are cultured un~er these conditions. 

The enzyme system could be adaptive. That is, the cell will 

produce the enzyme only when in contact ivi th the pe:~rticular 

substrate for which it is specific. The alternative explana

tion is that some uosential component of the enzyme is lacking 
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in the synthetic medium, therefore production of the enzyme 

is blocked. The findings presented suggest that the recovery 

process is acting upon oxidizing intermediates produced by the 

ionization process. A number of enzymes involved in oxidation

reduction processes contain iron and their properties are largely 
. ' 

due to this iron. Examples of such enzymes are catalase, 

peroxidase and the cytochromes. According to Young et al. 

(1944) Escherichia coli require about 0.5 micrograms of iron 

per milliliter of medium for maxi·inum rate of growth. The 

iron content of the synthetic medium used in these experiments 

is estimated as 0.12 micrograms per milliliter •. This is lower 

than that estimated by Young as necessary for maximum growth ' 

rate and undoubtedly far less than that required for optimum 

production of the iron containing enzymes in organisms serially 

transferred in this medium. If such enzymes play an important 

part in this recovery pJ?ocess then the lack of essential iron 
' . ) . 

could be the decisive factor in their production. Preliminary 

investigations have shown that the addition of iron to the 

synthetic medium increased th.e recovery of the synthetic, medium 

grown cells when plated on n-qtrient agar. Further experlmenta-

tion aloog this line seems quite promising in the elucidation 

of the systems involv~d in recovery from ionizing radiatlons 

by these organisms. 
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Summary 

Escherlchia cOli, strains B and B/r, were grown aero

bically in three different culture media. Sensitivity,of 

these cells to X-.rays and ultraviolet light was determined 

at various stages of their growth cycle. -Effects of both 
' 

pre- and post-irradiation cultural conditions on the lethal 

effects of· X·rs.ys were .tnve stigated·. 

11ype of culture medium and "physiological age 11 of the 

organisms were determinants in the X-ray sena'itivity of this 

organism. The resistance of strain B/r to X-irradiation 

increased during lag phase when cultured in nutrient broth. 

Throughout this period survival curves were expdnential. 

With onset of cellular division, the shape of survival curves 

changed to sigmoid type, the slope progressively increasing 

during loga;rai thmic phase. When the -organisms were grown i,n 

synthetic.,me.dium their syrvival curves were sigmoid with 

increased slope ,earl·y in lag phase. The slope and shape of 

the curves were essentially constant throue;hout the remaining 

period of logarithmic 'growth. 

X-ray survival curves of populations of cells hav·ing ·. 
different average numbers of nuclear bodies per cell were 

determined for strain B/r cells grown in nutrient broth and 

in synthet;ic _medium. The parameters of ex~rimental curves 

were compared with those JDredicted by theoret;ical survival 

equations, based on the hypothesis that .nuclear inactivation 

is the primary mechanism in X-ray inact1vation of this or>ganism. 

Arrreement with those predicted by the theoretical survival 
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equations was found only in the case or organisms grown in 

synthetic medium. The addition of glucose to nutrient broth 
( 

produced anomalous results. Several possible explanations 

to account for the differences noted were discussed. The · 

experimental re£ults were not sufficient to invalidate the 

hypothesis of nuclear inactivation. 

Partial recovery was effected when X-irradiated strain 

B/r·cells grown in nutrient broth were incubated in the presence 

of certain nutrients and at temperatures suboptimal for.growth, 

confirming stapleton's observations. In addition it was found 

that actively.· growing cella were capable of greater recovery 

· than "resting" cells. Synthetic medium grown cells were unable 

to effect this recovery to any appreciable extertt. Preliminary 

experiments indicated that insufficient iron in the synthetic 

medium may have been an important factor in the loss of the 

recovery phenomenon. 

The sensitivity of strain B and B/r to ultraviolet light 

was followed through lag and logarithmic phases of growth in 

nutrient broth. Similarities, as well as striking differences, 

in ultraviolet light inactivati6n of the two strains were noted. 

.. 
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Appendix~ 

Statistical Procedure for Estimating n 
from Survival Dat~ 

UC:?-.. L--3055 

Given ~a i'runily oi' survival curves oi' the i'orm 

where S is the percent survival, N0 is the nUmber oi' organisms 

initially present in the population, pi is the percent oi' 

the population containing ni nuclear bodies, k is the in

activation constant oi' each unit and D is the dose, the 

problem is to pick from that family the I'! ngle curve that 

11best" describes a set of' data.and to compute from it the 

quantity 

For theoretical reasons 1 t is preferable to work with the 

number oi' survivors rather than the percentage, and although 

N is not given it is assumed to be estimated with neglible' 

error by the number of survivors on the control plates. 

While a theoreticallY satisfactory solution does exist, it 

is not economically feasible· to solve the .required equa tiona. 

Instead it is. found that the i'ollowing approximate solution 

·gives fairly good results. 

It is assumed that the number of survivors at a given 

dosage level is a Poisson variable with a mean given by the 

survival curve. If only "large" doses are considered, the 
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survival curve is closely approximated by 

where n has the meaning given above. 

plotted on a semi-log paper, then n and k can be estimated. 

from a free band drawing and a weighted least squares method 

can be used to give corrected estimates, which themsalvea, 

can be corrected. It is necessary to choose a smallest 

dose, the dose·s below which are not used in fitting the line. 

This has to be' done by eye and intuition as a satisfactory 

theoretical method was not found. The iterative procedure 

converges rapidly even if the initial estimate is only a 

fair one. The formulae are as.follows: let 

(p = o, 1, 2; q = 1, 2} 

yj :: arithmetic mean of number surviving at dose Dj 

1\ ~ 
Then if k, n are the initial estimates·, the corrected ones are 

1\ A 

= rcn,k> 

1 1 
A A Dl L yj .. DoL Djy ;'\ " 
k' - k7'j; j. ::: s-(n,kl - NW 

DlDl - (Dl)2 
2 0 1 
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The next approximation is 

" .!! ,. 
ii" = f (n' ;k') 

~ ' 

k:n = g(n'tk'> 

etc., the iteration being continued ttntil the new approxi

mation agrl3es with tbl:~ preceding to the desired number of 

figures. Further, an estimate of the variance ·or the stabil-
•, 

I! 
!zed value of the estimate n is given by 

A 2 J! 
t:r,. = n 
n DiN 

where m is the number of observations taken at 'each dosage 

level. 

An advantage of this estimating procedure is that it 

is relati"'?'ely insensitive to the choice of the smallest 

value of· the dose used in fitting the straight line since 

observations made at large dosages are given more weight 

than those made at small dosages. However, there is also 

a disadvantage in that the calculated value of the estimated 
i\ 

var1anc~ of n is sensitive to the number of significant 
' ~ 

.figures in the quantity k used in this calculation. 

An apprOXimate 95 percent COnfidence intGrVal for n is 

n n 
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The next a:pproximation is 

I' 1\ ,,.. 

ii" = f' (ii' ,k)' ) 
" . ~. ~ 
k "- = g ( n ' ,,~ ') 

etc., the 1 tera tion being o.o:lilb:Lnued until· the new approxi..: 

mation agrees with the preceding to the desi~ed number of 

f'igures. Further., an estimate of' the variance of the stabil-

" ized value of' the estimate n is given by 

A 2 £.. 
tr = n ,. -mN n 

n2 (DlD2 - D2Dl > I D2 (·D2Dl - D2Dl > 
2 0 2 . 1 1 1 .. 1 2 2 1 

(DlD2 _ D2Dl)2 
0 2 1 1 

where m is the number of' observations taken at each dosage 

level • 

.An advantage Of this estimatfng procedure is that it 

is relatively insensitive to the choice of the sma.llest 

value of' the dose used in fitting the straight line since 

observations made at large dosages are g~ven more weight 

than those made at small dosages. Howev-er, there is also 

a disadvantage in that the calculated value of the estimated 
1\ 

varianc~ of n is sensitive to the number of signif'icant 
. J\ 

figures in the quantity k used in this calculation. 

An approximate 95 percent confidence interval for n is 

,. 
"""" n-

/1 A ,. 
211"~ i ii i ii 1 2cr~ 

n n 

.•' 
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LEGENDS 

Fig. 1. X-ray survival curves of stock suspensions of strain B/r. 

Grown in nutrient broth and synthetic medium. Dose rate: 250 r. 

per second. 

Fig. 2. X-ray survival curve of logarithmic phase cells of strain B/r. 

Grown in nutrient broth. Post-irradiation growth medium: nutrient 

agar. Dose rate: 250 r. per second. 

Fig. 3. X-ray survival curves of logarithmic phase cells of strain 

B/r. Grown in synthetic medium. Post-irradiation growth medium: 

synthetic medium agar. Do~e rate:. 250 r. per second. 

Fig. 4. X- ray survival curves of late lag phase cells grown in nutrient 

broth and middle lag phase ceHs grown in synthetic medium. 

Irradiated cells plated on solid media of same type in which originally 

grown. Dose. rate: 250 r. per second. 

Fig. 5. X-ray survival curve pf logarithmic phase cells of strain B/r 

grown in nutrient broth plu,s 0. 4% glucose. Dose rate: 250 r. per 

second. 

Fig. 6. X-ray survival curves of strain B/r from the logarithmic 

phase and 24 hour nutrient bil"oth plus 0. 4o/o glucose cultures. Dose 

rate: 250 r. per second. 

Fig. 7. X-ray survival curves of strain B/r grown in nutrient broth 

at various phases of growth cycle. Post:..irra·diation cultural con
o 

ditions: nutrient agar medium, 38 C incubation. Dose Rate: 125 

r. per second. 

Fig. 8. X-ray survival curves of strain B/r grown in synthetic medium. 

Post-irradiation growth medium - nutrient agar. Dose rate: 250 r. 

per second. 
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LEGENDS (continued) 

Fig. 9. X-ray survival curves of lag phase strain B/r grown in 

synthetic medium. Post-irradiation cultural condition: nutrient 
0 

agar medium, 38 C incubation. Dose rate: 250 r. per second. 

Fig. 10. X-ray survival curves of a twenty-four hour nutrient broth 

culture and a two hour synthetic medium culture originally seeded 

with a sample from the twenty-four hour nutrient broth culture. 

Post-irradiation cultural conditions: nutrient agar medium, 38°C 

incubation. Dose rate: 125 r. pet second. 

Fig. 11. Effect of post-irradiation incubation temperature on survival 

of lag and logarithmic phase strain B/r cells after X-irradiation. 

Dose rate: 250 r. per second. 

Fig. 12. Effect of post-irradiation incubation temperature on survival 

of logarithmic phase strain B/r cells after single dose of 20. 4 kr. 

Fig. 13. Effect of post-irradiation culture medium on survival of 

X-irradiated strain B/r cells. Pre-irradiation culture conditions: 

nutrient broth, temperature 38°C. ·' Post-irradiation culture 

conditions: nutrient agar and synthetic medium agar, temperature 
0 

38 C. Dose rate: 250 r. per second. Stock suspension and 

logarithmic phase culture. 

Fig. 14. Effect of post-irradiation culture medil,1m on survival of 

X- irradiated strain B/r cells. Pre-irradiation culture conditions: 

nutrient broth, temperature 38°C. Post-irradiation culture 

conditions: nutrient agar and synthetic medium agar, temperature 
0 

38 C. Dose rate: 250 r. per second. Cells from end of lag phase. 
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LEGENDS (continued) 

Fig. 15. Influence of post-irradiation incubation temperature on 

X- ray survival of strain B/r grown in synthetic medium. Stock 

suspension. Upper curve: irradiated cells plated oh nutrient 

agar. Lower curve: irradiated cells plated on synthetic medium 

agar. Single dose of 15. 3 kr. 

Fig. 16. Change in sensitivity of strain B/r to ultraviolet light at 

various stages of growth. Single dose of 50 sec. 

Fig. 17. Ultraviolet light survival curves of strain B/r in three 

different phases of growth . 

. Fig. 18. Ultraviolet light survival curves of strain B. Twenty-four 

and lag phase cultures. 

Fig. 19. Ultraviolet light survival curves of strain B. Logarithmic 

phase cultures. Representative growth curve of organism under 

conditions us·ed in these experiments. 

Fig. 20. Influence of post- irradiation temperature of incubation on 

subsequent survival of ultraviolet exposed cells of strain B in 

logarithmic phase of growth . 




