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401. 1965 —Radiation survival eurves of spores of Clostridium botulinum strain 834 ex-.
hibited an exponential'reduction which aceounted for most of the population, followed
by a “tail” comprlsmg & very small residual number [7 -to 0.7 spore(s) per mil] which
resisted death in the range between 3.0 and 9.0 Mrad dose Ievels, The ‘“tail” was not.

caused by protective spore substances _released into the suspens_mns during irradiation, .
by the presence of accumulated radiation “inactivated’ spores, or by heat shock of
pre-irradiated spores. The theoretical number of spore targets which must be inaeti- .
vated by irradiation was estimated both by a graphieal and by a computation method :
to be about 80, and the D value was calculated to be 0. 295 and 0 396 Mra.d respec- .

a twely, in buffer and m pork pea broth

Radiatidn survi_va,l curves, obtaiﬁed by
Wheaton and Praté {1962). for Clestridium botu-
linum spores, consisted of three distinet portions:
{i} a shoulder, (ii} an exponentially declining
portion consistent with classical hit theory at
doses up to approximately 2.0 Mrad, and (i}
a so-called “tail” portion at 2.0 to 5.0 Mrad.
The “tail’” of the curve did not follow classical
hit theory, and was present regardless of the
kind of suspending medium or the initial spore
concentration used. Similar ““¢ailing” of radiation
survivors was apparently encountered by Brown,
Vinton, and Gross (1960) with spores of the
putrefactlve anaercbe PA 3679 in cured ham and
raw pork, and by Gunter and Kohn (1956) Wlth

nonsporeformers.

The possibility that the “tail” of the radiation
survival curves may be due to oceasional radia-
tion-tolerant mutants in a bacterial population
was entertained both by Wheaton and Prait
(1962) and by Gunier and Kohn (1956). Only
the lagter workers examined “tail” -survivors,
but found no exeeptional resistance as compared
with the parent cultures.

Several investigators have &ttempted to pro-
duce resistant mutants by ionizing . radiation.

Pepper, Buffa, and .Chandler (1956), using spores

of Clostridium sporogemes. and Bocillus pumilus,
and Koh, Morehouse, and Chandler (1956), using
Escherichia coli, were unsuccessful in their -af-
tempis, whereas (3aden and Henley (1953) and
Erdman, Thatcher, and MacQueen. (1961} sue-

1 Present address: Physical Biology Labaratorjr,
Biology Department, Illinois Institute of Tech-
nology, Chicago.
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ceeded in- increasing the resistance of E. coli.
The latter also reported a slight increase (1.3-
fold) in’ the: resistance of vegetative eells-of C.
botulinum ‘type A by exposing the eells-to-10
consecutive daily irradiations of 0,186 Mrad vy
rays. Spores’produced by the mutant showed a
slight ‘but consistently higher resistance than the

“original -spores.. The greater radiotolerance of

t.hese spores was transmitted back to the homol-
ogous vegetative population.

An glternative possibility may be suggested to
explain the *failing’ phenomenon. Spores release

-certaln componenis in increasing quantity during

irradiation which may compete for active radicals

“or repalr celhilar damage of the remaining viable

organisme, "and “thus modlfy the shape of ‘the
survival. curve to produce the ‘taii” portion.
For example, substances such as protein(s) and
dipicolinic acid are released from spores.into the

‘menstruum in. Increasing amounts with increasing

radiation “levels(Levinson -and Hyatt, 1960;
Btewart and Slack, 1961). ‘An-aceamulation - of

“spore éxudates ‘couid conceivably ‘taise the C.

botulinum resistance and thiss create a “tail.”
_ The present report is concerned primarily
with (i) a study of the effect of irradiated spore
exudates on the shape of the radidtion survival
curves, and, incidentally, with. (ii) the effect of
spore heat shock, (i) -the presence of radiation
“Ipactivated’ ‘spores, and:- (iv) the number of
sensitive targets,- on the 1ad10remstance of C’
botulinum strain 33A. -

MATERIALS AND MBTHODS

Test orgonism. Spores of €. botulinum 33A were
prepared as deseribed by Anellis and Koch (1962).
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Viable spore counts were made on heat-shocked
{80 C for 10 min) samples of the stock suspension
by preparing serial decimal dilutions in. 0.067.
phosphate buffer (pH 7.0) and subculturing I.0-ml
samples in triplicate tubes of Wynne’s agar
(Wynne, Bchmieding, and Daye, 1¢55). The solidi-
fied medium was stratified with about 2 em of
Wrynne's agar and was incubated a$ 30 Cup to &
daye. Maximal colony counts were obtained in
3 to 4 days.

“Tail” colonies. Initial populations of 7 X 10?
to 8 X 108 spores per milliliter of (.067 M phosphate
buffer (pH 7.0) were irradiated from 1.0 to 9.0

Mrad a3 1.0 Mrad intervals, with and without -

prior heat shoek (80 C for.10 min). Colony eounts

were made of the survivers. Triplicate recovery -

tubes, subeultured from the 9.0 Mrad-exposed

undiluted ‘spore samples, -developed a total of -
four eolonies. Each eolony was subeultured to

individual tubes of Wynne’s broth and was ex-
amined for growth, C. botultnum type A’ toxin,
and spore production. Growth of the four indi-
vidual culiures was somewhat delayed in ‘the
primary reecovery tubes, but was normal upon
subsequent transfer. Characteristie type A toxi-
genicity was produced by all four isclates. The
ability to form spores appeared to be comparable
with that of the parent unirradiated culture.

Preparation of suspending substrates. The effect
of substances released from spores during-irradia-
tion on the radioresistance of the remaining viable
spores was studied in two basic suspending men-
strua: phosphate buffer (pH. 7.0}, and pork pea
infusion broth (pH 7.0; Andersen, 1951). Each of
these two substrates was varied as indicated in
Table 1. Phosphate buffer had three modifications
as described under A, B, and C; and pork pea in-
fusion had four moedifications: A, B, C, and D

Irradiation. Heat-shocked or unheated- viable
spores. were added .in known concentrations . to
each of the various mensirua. The suspensions
were distributed in 1.0-ml quantities.in sets of 10
replicate cotton-plugged Pyrex glass tubes (10 X
75 mm). The tubes were inserted in polystyrene
holders contained in metsal eans (307 X 409). The
cans were evaciated, flushed with nitrogen, sealed,
and irradiated as previeusly described (Anellis,
Cichon, and Rayman, 1960}, with 0 to 2:4 Mrad in
increments of 0.3 Mrad at the Argonne High Level
Gamma Irradiation Facility.

The contents of each rephcate set of 10 }I'ladl
ated tubes were .pooled, and triplicate colony
counts of the surviving spores were made as above.
Thus, the counts represented averages of 10 in-
dividual samples per radiation dose level.

Multitargel computation of survival curpes. Since
the resulting radiation-survival curves appeared
to follow the multitarget model {Hutchinson and
Pollard, 1961), the following equation was used
to calculate the number of targets needed.to in-
activate the organisms: .

O R o
o
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Tasre 1. Substrates® for suspending spores of
Clostridium botulznum during irradiation

Subf
r:&:%tﬁe_ Addition of spores ‘ Treatment of substrate
cation : s
) A_ None None
B | None Irradiated to 4.5
Murad
C | Added 101 spores | Frradiated to 4.5
per 100 ml of - Mrad; spores re-

moved after irrad-
iation by centrifu-
. gation

initial substrate -

'_I'fradia,ted' to 4.5
Mrad; spores not
removed

D. | Added 109 spores’
: per 100 ml of
initial substrate

*Two initial substrates, sterilized by auto-
claving for 20 min at 15 psi, were used: (i} phos-
phate buffer (pH 7.0; modification A, B, and C),
and (ii) pork pea broth (moedification A, B, C, and
D). All spores were heat-shocked 10 min at 80 C
1mmechately before use. .

—3-

LOG % SURVIVORS {LOG Nagy X 10}

2 30 | eo 50 &0 7o e o
MEGARAD
Tia. 1. Surwival of spoves of Clostridium

botulinum 334 exposed fo v radiation. Initial spore
load 9 X 10® per milliliter, heated for 10 min ai
80 C prior to irradiation, suspended in phosphate
buffer (pH 7.0), irradiated up fo 9.0 Mrad at 0 C. .

where n = number of surviving spores; ns = initial
number of unirradiated spores; ¢ = 2.7183; V =
constant indicating volume of each target; D =
radiation dose, and N = number of targets per
spore.

A digital computer was programmed to fit the
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Fie. 2. Effect of phosphate buﬁer substrates on
radigtion survival . of spores- of - Clostridium
botulinum 884, Initial spore load ‘8.8 X 108 o
7.6 X 10% per millilifer. Data vepresént averages of
triplicate counts on a pooled suspension of 10 irradi-
ated tubes with I mi of spore suspension per fube.
Symbols: unirradiated buffer, O buffer trradiated
to 4.5 Mrad, [ ; irradiated spore.ezudaie (3.2 X 1(*
spores wmdmzed N buﬁm o 48 Mrad gnd
remowed), e R

above formuia $0 %he experlment&l data by the )

method of Pratt (1960)

RESULTS

Behamar of the survival curve. Two unhea,ted
and one of two heat-shocked gpore suspensions
vielded survival curves with “tails” at dose levels
above 3.0 Mrad. “Tailing”’ could not be detected
in the duplicate heated spore.. suspensicn. No
explanation can be offered at this time for this
anomaly. The most striking survival curve, pro-
duced by a heat-shocked spore suspension s re-
produced in Fig. 1. The exponential portion . of
the eurve indicates that § X 108 spores per
milliliter should have been reduced fo-less than
one survivor by a dose of 3.0 to 8.5 Mrad; but
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- the’ “tail” portion survivors fluctuated between
~about 7 to 0.7 spore(s) per ml up to 9.0 Mrad,

the highest dose employed.

Effect of substrafe modification. The series of
studies with various modifications of substrates
were conducted specifically in the radiation range
which gave exponential death. It was assumed

thai any change In the shape of the survival

curves would be reflected chiefly within this “sen-

< gitive” region, and, hence, may be related to

changes in radioresistance and “tailing.”

Loetof —R
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Fi1a. 3. Effect of pork pea broth substrates on radi-
ation survivel of spores of Clostridiwm botulinum
334 . Indtial spore lpad 1.1.X 108 to 2.8 X 108 per
milliliter. Data represent auerages of triplicale
counts on @ pooled suspension of 10 irradiated fubes
with 1 ml of spore suspension per tube. Symbols:
unsrradiated broth, O ; broth irradiated lo 4.6 Mrad,
O; #rradiated spore exudate (3.2 X 10 spores
srradiated in broth to 4.5 Mrad and removed), A\;
irradiated spores added to broth (3.2 X 10" spores
treated with 4.6 Mrad), V.
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" Tasie 2. Analysis of variance of .effect of subsirate modification on D values
: Substrate ._.S.ource of yariat_iox.l_ .]_:}g%:g?m“f Sum of squares Mean square (1%: ltfvgl)“
Phosphate buffer. . " Treatments 2 0.00567 0.00283 10.320
T LU * Residuals: 6 0.0518 (.00863 :
Pork pea broth . . - Treatments . | . 3 0.00258 0.000859 | 0.160
. L _Residuals_ - 5 0.0803 0.00536 R

"' * Not significant.

The radiation survival of spores suspended in
the three modifications of phosphate buffer and
in the four variations of pork pea infusion broth
are shown in Fig. 2 and 3, respectively, as theo-
retical muititarget curves. An analysis of vari-
ance indicated that subsirate variations had no
effect on the rate of spore destruction or the
shape “of the survival -curves. Hence, a least
sguares regression line was ﬁtted through all the
survival points.

The D value, or dose requlred fio reduce a
bacterial population by 90%, was computed by

a modification of the formula of Sehmidt a,nd :

Nank (1960):

S
" log No — log N
where B = radiation dose; Ny = total initial
spore population; and N = number of survlvmg
spores per radiation dose.

A statistical analysis indicated that the D val-
ues representing the various modifications of the
buffer or of the broth were not significant at the
19, level (Table 2). Hence, results were averaged
for each basic substrate. Thus, the radiation D
values for C. botulinum 33A spores in buffer and
in pork pea broth were, respectively, 0.295 and
0.396 Mrad. '

Multitargel survivel curves. Computations by
the method of Pratt (1060) indicated that 80
sensitive sites must be inaetivated within a spore
1o destroy it. This number of targets was verified
graphically by extrapolating the exponential por-
tion of the survival curves to the Y-intercept, or
zero dose response (Fig. 2 and 3}, as predicted
by the multitarget equatwn (Hutchmson and
Po]lard 1961).. L

lecusqm\r

It was ‘initially ‘anticipated that- subbtances
released durmg irradiation of spores may protect
the remaining viable spores by either. eompetmg
for active radicals or by assisting in the repair
of eytoplasmic or nuclear damage. This.assump-

tion was not substantisied by the experimental
data. - Syuhstances released from spores- during
irradiation: had no apparent radioprotective ef-
feet. Nor did the large numbers of “dead’ spores
protect viable spores from radiation inastivation.

Tt iz not clear whether “tailing” represents a
natural phenomenon or an experimental artifact.
Heat shocking, which on one occasion appeared
to prevent “tailing” of a survival eurve, did not
eliminate the “tai!’ in a second experimsnt
Wheaton (personal . communicadion) also at

‘tempted to correlate heating of spores with the

“tail” phenomenon; but failed to detecs any
direct relationship.: A present, it is premature
to draw conclusions about the significance of
“tailing’’ for application to radiation require-
ments in food stérilization proeesses. Until more
definitive information is obtained, radiation food
stertlization standards will have to take into ac-
count the entire survival.curve including the
radioresistant ‘“tail.”’.

An additioual factor possﬁ)ly playmg a roie in
the radioresistance of C. Botulinwm 1s the number
of radiosensitive-fargets in.a particular strain.
Wheston and Pratt (1962) estimated that spores
of €. botulinum strain -12885A had 13 sensitive
targets.. One ‘could expeet, therefore, that strain
33A," with B0 sensitive ‘targets, should have a
h1gher radiotolorance $han strain 12885A. Studies
have indicated that, under identical experimental
conditions, the .compa_r_a._tive D values of these
two strains weve 0.334 and 0.241 Mrad, respec-
tively (Anellis and Koch, 1962). Additional in-
formation is needed before it can be suggested
that. a relationship exists between the number of
sensitive targets and the D values in; strams of
C. botulinaim. spores.

The cause -of “taﬁmg 'appearb to. he due to

- factms other than those examined in ‘this study

The investigation of ‘the “taal” phenomenon is
bemg contmued
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