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Abstract 

NOTICE 

I 

This report was prepared as an account of work 
sponsored by the United Slate* Government. Neither 
the United Stiles nor the UrJIed States Energy 
Research ind Development Administration, nor any of 
their employees, nor any of their toniractors. 
subcontractor*, or their employees, makes any 
warranty, express or implied, or assumes any legal 
rlabflity or responsibility for the accuracy, completeness 
or usefulness or any information, apparatus, product or 
process disdoud, or iepre*ents thai its use would not 
infringe privately owned rigtts. 

Bacillus subtilis var* nige_r spores were inactivated by dry heat, 
gamma irradiation, and combination of the two* The percentage of auxo
trophic mutants among the survivors was determined us a function of 
treatment time over seven decimal reductions of the initial population* 
For dry heat inactivation the percentage of mutants increased to a maxi
mum and then decreased. In general, similar results were obtained with 
gamma irradiation although there were more peaks and valleys in the per
centage of mutants as a function of irradiation- For some combinations 
of dry heat and simultaneous irradiation the percentage of mutants 
obtained was greatly reduced. 
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INTRODUCTION 

The mutagenic effects of chemicals, various forms of radiation, 

and heat have been used in numerous investigations (l, 2, 3» h, 5, 6, 7 

9). However, in many cases, the investigators were dealing with 

specific fcc.-erial mutations (1, 2, 3, 5, 8, 9). Some researchers 

hav? examined the production of relatively broad categories (U, 7) out 

obtained results for either a single treatment method or interval Ĉ s 

7) or used treatments not sufficient to severely reduce the initial 

population. Thus, little data on mutation rates of larger classes of 

mutants for a variety of extended treatments were available* We believed 

that such data would not only be of interest to those interested in 

producing specific mutations but also might lead to a clearer understanding 

of the process of creating nutations by various methods. We chose to 

examine the production of auxotrophs in Bacillus subtilis var. niger 

spores by dry heat treatment and gamma radiation in an attempt to 

determine if they might be related in some manner. As w:'ll be seen, the 

production of auxotrophs by one is strongly influenced by the other. 



MATERIALS AM) METHODS 

All sample preparation, assembly, recovery and plating operations 

were conducted in a Class 100 vertical laminar airflov clean room. 

Spores 
Bacillus subtilis var. niger spores obtained from Fort Detrick were 

used as the = "nore stock. 

Media 
Trypticase Soy Agar (TSA) (Baltimore Biological Laboratories, 

Cockeysville, Maryland) was used for total survival counts. Spizizen's 

Minimal Salts (10) with 2% Purified Agar (Difco, Detroit, Michigan) was 

used as a minimal agar (MA) to assay for auxotrophic mutants. 

Sample Preparation 

Aluminum disks, 1.25 inches in diameter, were cut from biological 

grade aluminum foil 0.0015 inch thick. Cups 13/16 inch in diameter 

and 3/16 inch deep were formed from these disks using a machined die. 

18.5 mg (̂  1 0 1 0 spores) of the dry spore stock was weighed into these cups 

which were then covered with an unformed disk. Two of these covered cups 

were placed on an aluminum strip 1.5 x 7 x 0.020 inch and another 

identical cluminum strip was placed on top of the samples and strip. This 

unit was held together with three wire clamps to make sample strips. 

Sample Treatment 
After preparation, the sample strips were stored over Drierite 

in a dessicator evacuated to 23 inches of Hg overnight before treatment. 

Heating was done in a Delta oven (Non-Linear Systems, Inc., Del Mar, 

California) whose door had been modified to conveniently accept the 
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sample strips. The temperature of the samples within the oven v?ried 

from the temperature monitored by a thermometer by less than 0.3°C as 

determined by thermocouples. Irradiation was done with a Cobalt-60 

source in Sandia's Gamma Irradiation Jacility (GIF). TLD 1*00 dosimeters 

were attached to the sample to determine the irradiation dose. For com

bined dry heat and irradiation treatments, the oven was placed directly 

in the GIF cell. 

When the sample strips had been treated they were aseptically 

disassembled, one sample cup removed, and the strip reassembled and stored 

in the dessicator for further use. The removed sample was placed iii a 

50 ml beaker containing 10 ml sterile deionized water. The beaker was 
2 

then insonated 2 ninutes at an energy level of 11 watts/inch to re-

suspend and separate the treated spores. Tenfold serial dilutions were 

plated on TSA. ?late counts were maue after 12 hours incubation &c 

i5°C to obtain survival data for each of the samples. A least squares 

fit was made to this survival data. Fnn; the least squares fit, D 

(treatment required to reduce the population to Z0% of its original 

value) was determined. 

Determination of Autotroph Frequency 

After survival data was obtained, the remaining sample cup was 

similarly <-esuspended and diluted to a concentrat LOU of ̂  10 sur

vivors/nil where possible. One-tenth ml of this dilution was spread 

on several TSA petri plates *--o obtain plates with approximately 100 

colonies each. Where there were too few survivors for this procedure to 

work, additional plates were prepared using a larger amount of diluent 



(ap to 0.5 ml) to obtain approximately 200 colonies. Two sets of Micro-

test plate; (MT) (Falcon Pasties, Oxnard, CA) had previously been prepared 

by adding 0.2 ml of TSA to each of the 96 wells for one set of MT plates 

and 0.2 ml of MA to the wells of another set. Sterile toothpicks were used, 

after overnight incubation at 35°C of the petri plates with the spread 

sample, to pick the individual colonies and inoculate, in order, a MA MT 

plate and a TSA MT plate in corresponding wells. Again, after overnight 

incubation, these MT plates were examined for growth using a stereo 

microscope at H5X, Those wells that showed growth on TSA "but not on the 

corresponding MA MT plate were scored as autotrophs. 

For one experiment an additional method was used. During the transfer 

of the colonies to MT plates the toothpick was used to stream in a pattern 

of 2h streaks on a TSA petri dish. These grown streaks were incubated at 

35°C and then transferred to a MA p?:d then a TSA petri dish using the 

Lederberg's (11) sterile velvet tranter technique. After a final over

night incubation at 35°C this paired &et of petri dishes was examined 

and those streaks which grew on the final TSA petri dish but not on the 

MA petri dish were scored as auxotrophs. 
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RESULTS 

Auxotroph Frequency in Spore Stock 

In the course of these investigations a total of 1*»501 colonies 

resulting from untreated spores from the stock were examined for 

auxotrophy. Among these controls, 10 auxotrophs were found• Thus, 

the estimated frequency of auxotrophs (hereafter referred to simply as 

mutants) is 0.222J5. The 95% confidence interval for this estimate ranges 

from O.QQh% to 0*359% as obtained by using a normal approximation to the 

binomial distribution (12). For the experimental results reported here 

the control frequencies and 95% confidence limits actually obtained are 

given for each experiment. These confidence limits were obtained from 

a table o^ confidence limits for percentages (13). 

Mutations Induced by Dry Heat 

A set of eight sample strips (less one control) was heated at 125°C 

and processed. Since our experience with this stoci: cf B. subtilis had 

given an average D i n of 20 minutes, the sample strips were heated for 

multiples of 20 minutes. The D_n obtained in this experiment was id.h 

minutes. For this experiment auxotrophic mutants were counted by both 

the use of MT plates and the velvet replication procedure described in 

Materials and Methods. The results, takor. from (l*0» are shown in Figure 1. 
Figure 1 shows that the percentage of mutants among the survivors 

does not uniformly increase with time of heat treatment. Hopwood (15) 

indicates that this type of phenomena can sometimes be expected. Instead 

there are two peaks in the percentage of mutants separated by a drop in 

the percentage where the treatment is sufficient to reduce the initial 
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?l£T-re I . The percentage of auxotrophic r-utar.ts observed in -he 
surviving population of E_. s u b t l l i s var . nlger spores heated at 
125°- Tor the indicated times as measured by velvet r e p l i c a t e 
p la te s [#) and indiv idual ly in ve - i s of n i c ro t e s t p la t e s ( • ) . 
The v e r t i c a l l i ne s represent 95% confidence in te rva l s which ^re 
offset :o the le f t for r ep l i c a t e data and U the r ight for micro-
tes t i a t s ta^en from Re£. 1^. 



population by about four logs (i.e., a factor of 10 ) as det^rminel by 

both methods of measurement. The maximum percentage is 13-63$ at hO 

minuter +L\r, the MT plate measurement. 

Although the confidence intervals of the results as measured by the 

two methods overlap for each sample, it is clear that different results 

are obtained by the two methods. Crossfeeding of an auxotroph by other 

colonies ,:: the same plate has been known (l6) and the advantages of 

examining colonies in individual agar wells has been recently reported 

(-). In addition, there appear to be inhibitory effects between multiple 

colonies on single plates as illustrated by the BO and 100 ninute 

sar.ple (Figure 1). As a result of these obvious perturbations of the 

results with the velvet replication procedure, all remaining data were 

obtained by individual counting with MT plates. 

Chiasson and Zanenhof (A) reported that the naxirr.un number of 

autotrophs could be obtained by heating B_. subtil is in vacuo with 

a temperature of 115°C. Figure 2 presents the results of heating at 

115°-. 3 n for this experiment was ^5*99 minutes. It can be seen that 

a slightly higher maximum percentage cf mutants (l^-o2 at 9'- minutes 

as compared to 13.63) vas obtained then for 125°C* The data for the 

two temperatures are similar in that relatively high initial percentages 

are obtained with somewhat lover values with more extended treatment. 

Stations Induced by 3anma Irradiation 

Two sets of nine sample strips were prepared and all but one two 

control strips irradiated at 279 krai/hr in the Gil- at a.-: ambient 

temperature of 23°C, One set va^ processed immediately while the -ther 
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Figure 2- The percentage of auxotrophic mutants observed in the 
surviving population of £. subtilis var. niger spores heated at 
H5°C for the indicated times and measured individually in wells 
of microtest plates. The vertical lines represent 95% confidence 
intervals. 



set of samples was stored in the evacuated dessicator for 1*2 days before 

processing. For this experiment, D vas 75-9 krrid. The results for 

both sets of samples are plotted in Figure 3-

From the curve in Figure 3 for the sample processed immediately after 

irradiation, it can be seen that a higher maximum percentage of mutants 

(18.08£ at M B krad) was obtained than during either the 125°C or 115c^ 

heat treatment experiments. The rapid initial rise in mutant percentage 

of the heat experiments is not evident with radiation* On the other 

hand, there is a higher sustained percentage with sharp increases and 

decreases after sustained irradiation. 

Figure 3 also shows a severe reduction in the percentage of mutants 

observed after U2 days storage in an evacuated dessicator. The maximum 

percentage observed was h*33% in the 209 krad sample. The extreme 

confidence interval for the 558 krad sample was due to a small sample 

size. 

Mutations Induced by Combined Heat and Gamma Irradiation 

To investigate the mutant production by combinations of dry heat 

and gamma radiation a set of eight sample strips were prepared and 

irradiated in the GIF at 53 krad/hr while in an oven ax 115-3°C- At 

115.3°C the D was lb.2 krad/hr. The results of this experiment are 

given as Figure U. Even though the kO minute 115°C sample gave lU.52^ 

mutants among the survivors> the maximum percentage of mutants in this 

combined experiment was 1.0J*# at 26,^ krad. The only other two samples 

which gave any mutants gave 0.52% each. 

Another experiment with combined heat and irradiation was set up to 

be run at a lower temperature. The conditions were 65°0 and 50 krad/hr. 
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Figure 3* The percentage cf auxotrophic mutants observed in the 
surviving population of B̂. subtil is var. niger spores irradiated 
with a Cobalt-6o gamma source at 279 krad/hr and measured 
promptly (•) and after U2 days storage in an evacuated dessi-
cator (©). The vertical lines represent 95$ confidence intervals 
offset to the right for prompt data and to the left for data 
collected after h2 days storage. 
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TOTAL DOSE AT 53 krad/hr AND 115.3* C 

Figure k. The percentage of auxotrophic mutants observed in 
the surviving - -pu la t ion of £ . a u b t i l i s va r . niger spores 
i r r a d i a t e d with a Cofcalt«60 gamma source a t 53 krad/hr while 
heated t o 115.3°C. The v e r t i c a l l i n e s represent 95# confidence 
in t e r v a l s . 



At this temperature the D was hi.9 krad. The results are given in 

Figure 5. As can be seen, the initial sample showing mutants was at 

25 krad where 11.98)? of the survivors were auxotrophic. After this 

initial peak the percentage dropped to about 3% or less. There is some 

similarity between these data and that obtained for heat although the 

peak occurred at roughly one D as compared with two D for the heat 

data. 
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Figure 5. The percentage of auxotrophic outants observed in 
the surviving population of t. subtil is var. niger spores 
irradiated with a Cobalt-60 gassa source at 50 krad/hr while 
heated to 65°C. The vertical lines represent 95% confidence 
intervals. 
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DISCUSSION 

Our data indicate that auxotrophic mutation production in B^ subtilis 

var- niger is a fairly complex function of treatment by heat or gamma 

radiation. For heat it would appear that maximal mutant production occurs 

when the heat treatment is such that the initial population is reduced 
2 by about a factor of 10 . With gamma radiation at ambient temperatures 

the percentage of mutants among the survivors roughly continues to 

increase with treatment over the range that we observed. There is, on 

the other hand* considerable variation for small changes in total dose 

at higher doses, In fact, for a dose rate of 279 krad/hr there is a 

variation of a factor of two in the percentage of mutants observed 

between 1*00 and 600 krad. 

With combinations of dry heat and gamma radiation, mutant production 

seems to be very sensitive to the combinations used. Mutant percentages 

up to 11*JS are observed with 115°C (Figure 2) but in combination with 

a dose rate of 53 krad/hr the maximum percentage observed was 1.0U#, 

However, if + he temperature is reduced to 65°C with a do?* rate of 

50 krad/hr a percentage of over 11% is observed as a sharp peak at about 

one-half the D dose. Aside from this peak occurring about four times 

earlier than the peaks observed with dry heat alone, the results for 

this particular combination resemble those for dry heat alone. 

Additional data may show that combinations of reduced heat and moderate 

radiation could simulate results obtained by heat alone. 

It should be noted that upon extended storage the observed auxo-

trcph frequency was drastically reduced for the samples irradiated 



at 279 krad/hr. This may indicate that the mutations induced are 

unstable and that their measurements are time dependent. It could 

be that many of the early mutations are point mutations which revert 

leaving only deletions to be counted. 

In summary, a number of conclusions may be drawn. First* there is 

a strong interaction between dry hea-c and gamma radiation in producing 

auxotrophic mutations. For some combinations the mutant production is 

reduced far below the level produced by either heat or radiation alone. 

In fact, so reduced as to approach the background mutant level. Other 

combinations produce mutants in a manner reminiscent of that produced 

by heat alone. This suggests that similar mechanisms may be responsible 

for mutant production both by dry heat and also gamma irradiation. 

Moreover, the extreme peak of mutation production for some combinations 

of gamma irradiation and dry heat suggests a mutant producing mechanism 

that operates only under certain specific conditions. Finally, the 

interactions between colonies on a single plate severely effect the 

detection of auxotrophic mutations. Thus assessment on individual plates 

or in the isolated wells of microheat plates is preferable. 

It is anticipated that planned continuation of this work will 

resolve some of the questions raised above and more precisely relate 

the induction of auxotrophic mutants by dry heat and gamma radiation. 



REFERENCES 

1. Cabrera-Juarez, Emiliano and Expinosa-Lara, Mercedes, "Lethal and 

Mutagenic Action of Black Light C325 t o ^00 nm] on Haemophilus 

Influenza in t he Presence of A i r , " J . Bact. 117, 960-96*4 (,191k). 

2. R. A. Carls and R. S. Hanson, " I so la t ion and Character izat ion of 

Tricarboxylic Acid Cycle Mutants of Baci l lus s u b t i l i s , " J . Bact. 

106, 8U8-855 (1971). 

3- Melinda Carson and Roy A. Jenson, "Phenotypic Recognition of 

Pyrocyanane Mutants in Pseudomonas aeruginosa," J . Bact. 117» 

312-31U (197^1. 

U. L. p . Chiasson and S, Zamenhof, "Studies on Induction of Mutations 

by Heat in Spores of Baci l lus s u b t i l i s / ' Can. J . of Microbiol* 12, 

U3-U6 (1965). 

5. M. Demerec and Joan Sams, "Induction of Mutations in Individual 

Genes of Escherichia coli by Low X-Irradiation," Low Level Effects 

of Ionizing Radiation, Taylor and Francis, Ltd., London, 283-291, 

(1959). 
6. J . Northrop and R. A. Slepecky, "Sporulation Mutations Induced by 

Heat in Baci l lus s u b t i l i s , " Science 1£L 838-839 (1967). 
^ 

7. S. Zamenhof, "Effects of Heating Dry Bacteria and Spores on Their 

Phenotype and Genotype," Proc. Nat. Acad, Sc i . lU6, 101-105 (I960). 

8. Frank E. Young and Garv A. Wilson, "Genetics of Baci l lus s u b t i l i s 

and Other Gram-Positive Sporulating B a c i l l i , " Spores V, Amer. 
Sec. for Microbio l . , 77-106 (1972). 



T. H. Zytkovicz and H. Orin Halvorson, "Some Characteristics of 

Dipicolinic Acid-Leas Mutant Spores of Bacillus cereus, 

Bacillus megaterium, and Bacillus_ subtilis," Spores V, Amer. S-JC. 

for Microbiol., 1+9-52 (1972). 

H. A. Sober, Handbook of Biochemistry» Second Edition, The Cnemicp.1 

Rubber Publishing Company (1970). 

Werner Braun, Bacterial Genetics., W. B. Sander Co., Philadelphia, 

Pennsylvania (1966). 

R. R. Sokal ar-d F. J. Rohlf, Biometry, W. H. Freeman and Co. (1969). 

F. J. Rohlf and R. R. Sokal, Statistical Tables, W. H. Freeman and 

Co. (1969). 

R. T. Dillon and M. B. Conley, Dry Heat Inac t iva t ion of Autotrophs 

in Baci l lus s u b t i l i s var . niger Spores: A Preliminary Report, 

SAND75-0052, Sandia Labora tor ies , Albuquerque, [Jev Mexico (1975). 

D. A. Hopvood, "The I so la t ion of Mutants," Methods of Microbiology, 

Vol, 3A, Academic Press , 363-1*33 (1970). 

W. Hayes, The Genetics of Bacteria and Their Viruses, John Wiley 

and Sons, I n c . , New York, New York (1968). 


