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Resistance and Recovery Studies on Ultraviolet-Irradiated
Spores of Bacillus pumilus

ROBERT L. ABSHIRE,* BEVERLY BAIN, AND THELMA WILLIAMS

Product Services Microbiology, Alcon Laboratories, Inc., Fort Worth, Texas 76101

A spore suspension model and a procedure for recovering ultraviolet (UV)-
irradiated spores ofBacilluspumilus were investigated. A most-probable-number
tube dilution method using double-strength Trypticase soy broth was found to be
superior to the agar plate method for recovering optimal numbers of spores
irradiated with sublethal doses of UV energy. Aqueous suspensions of B. pumilus
survived UV doses up to 108,000 ergs/mm2 as determined by a most-probable-
number recovery and estimation procedure. Resistance and stability data were

consistent and reproducible, indicating the dependability of this method for
recovering UV-damaged spores. The procedures used to collect information
concerning resistance characteristics for two strains of B. pumilus are discussed.

Spores of Bacillus pumilus E601 (ATCC
27142) are used as biological indicators to certify
and monitor the efficacy of commercial radio-
sterilization cycles. The resistance of this orga-
nism to gamma radiation has been evaluated (2,
15; I. T. Zuk, A. N. Parisi, and P. M. Borick,
Annu. Meet. Am. Soc. Microbiol., 1972), and it
has been shown to be one of the most resistant
microorganisms to this sterilizing process (3, 19).
Many articles involving the effects of ultravi-

olet (UV) radiation on spores have been pub-
lished. However, to our knowledge, information
of this nature concerning B. pumilus is unavail-
able. The primary objectives of this study were
to determine the resistance of spores from two
strains of B. pumilus to UV, and to devise and
evaluate an optimal recovery system for spores
of B. pumilus subjected to sublethal doses of
UV radiation.

MATERIALS AND METHODS

Bacterial strains. B. pumilus E601 was cultured
from a spore strip obtained from Ethicon, Inc. (So-
merville, N.J.). Strain BMT-18 was isolated (Alcon
Laboratories, Inc., Fort Worth, Tex.), submitted to R.
Gordon, Rutgers University, and identified as B. pum-
ilus.

Preparation of spore suspensions. Stock spore
suspensions of B. pumilus E601 and BMT-18 were
prepared by inoculating the surface of AK agar no. 2
(BBL Microbiology Systems, Cockeysville, Md.) con-
tained in Roux bottles (800-ml capacity, 250 ml of
agar) with 3 ml of cells from a 24-h Trypticase soy
broth (TSB; BBL) culture. The bottles were incubated
at 32 to 35°C for 7 days, by which time sporulation
had reached 90 to 95%. Spores were harvested from
the agar surface with sterile deionized water, collected
by centrifugation (1,800 x g, 15 min), and washed
twice with 15 ml of sterile deionized water. After

resuspension in 15 ml of sterile deionized water, the
spore pastes were heated in a water bath at 800C for
20 min to destroy the vegetative cells. The spores were
again collected by centrifugation and resuspended in
25 ml of sterile deionized water, constituting spore
concentrates. Viable spore counts were determined,
and working suspensions of 107 to 109 spores per ml
were prepared from each concentrate. The working
suspensions were diluted further to the desired num-
ber of spores for each radiation study.
Spore suspension model. Spore suspensions for

each viability and resistance study were prepared in
1,000-ml quantities and stored in 2-liter glass flasks.
Immediately before each study, the spore suspensions
were mixed for 30 min with the aid of a magnetic
stirrer and bar, and were dispensed in 2-ml portions
into 15-ml S/R Natural Drop-Tainers (NDT, Alathon
20 low-density polyethylene, Wheaton Industries,
Millville, N.J.). Each NDT was covered and sealed
with a polyethylene flat fitment (15 mm, Alathon 20
low-density polyethylene, Brown Research, Burbank,
Calif.). Based on microbiological and physical studies,
these particular NDTs were determined to allow trans-
mittance of approximately 45% of the UV light ab-
sorbed, and the flat fitments permitted essentially
100% transmittance (B. A. Schlech, unpublished data).
Exposure to UV radiation. Duplicate sets of

spore suspensions prepared in NDTs were exposed to
incremental doses of UV radiation. The source of UV
radiation was a Westinghouse low-pressure mercury
vapor shortwave UV lamp (Sterilamp, model 782L 30,
Westinghouse Electric Corp., Pittsburgh, Pa.). The
lamp was installed in a cabinet (about 105 by 30 by 45
cm) with an adjustable shelf which could be positioned
at a desired distance from the UV lamp. In each
radiation study, 2-ml spore suspensions contained in
NDTs were exposed to a constant intensity of 1,000
MuW/cm2 (distance from the bulb to spore suspension,
about 10 cm) for various lengths of time at ambient
temperature and relative humidity. The UV intensity
was determined for each experiment with a Blak-Ray
UV intensity meter (model J-225, Ultraviolet Prod-
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696 ABSHIRE, BAIN, AND WILLIAMS

ucts, San Gabriel, Calif.) which measures wavelengths
of light energy between 230 and 270 nm with peak
sensitivity at 254 nm. This instrument was calibrated
and certified by Ultraviolet Products with traceability
to a National Bureau of Standards transfer meter
(Eppley Labs, Newport, R.I.).

Survival curves were obtained by plotting the num-
ber of survivors of the initial spore populations against
radiation doses (i.e., intensity multiplied by time in
seconds). The least-squares method of analysis was
used to calculate regression lines for each set of data,
and Duv (decimal reduction time) values were deter-
mined from the linear portions of the survival curves.

The following terms are adopted for use in this
paper: (i) UV intensity is expressed as microwatts per
square centimeter ofUV energy; (ii) UV dose is defined
as the radiation energy delivered to an NDT contain-
ing a spore suspension and is expressed in ergs per
square millimeter; and (iii) Duv is defined as the ex-

posure time in minutes at a constant UV intensity of
1,000 ,uW/cm2 required to reduce the initial spore
population by 1 logarithm (90%).
Recovery medium studies. Pour plate methods

(24 ml of agar in 100-by-15-mm petri plates) using
Trypticase soy agar (TSA; BBL), brain heart infusion
agar (BHIA; Difco Laboratories, Detroit, Mich.),
Mueller-Hinton agar (MHA; BBL), Todd-Hewitt agar
(THA; BBL), and nutrient agar (NA; BBL) were used
to determine spore counts. Plates were counted after
incubation at 32 to 35°C for 48 h.

For the purpose of comparison, TSB (BBL), brain
heart infusion broth (BHIB; Difco), Mueller-Hinton
broth (MHB; BBL), Todd-Hewitt broth (THB; BBL),
and Columbia broth (CB; BBL) were prepared in
double-strength (2x) concentrations and dispensed in
10-ml quantities in test tubes (18 by 150 mm) with
plastic caps. TSB and CB were also prepared in single-
strength concentrations and tested. These media were

inoculated with appropriate 10-fold serial dilutions of
unexposed or UV-irradiated spores. Transfer of irra-
diated spores into outgrowth media was made within
30 min after exposure. All tubes were incubated at 32
to 35°C for 5 days. A three-tube most-probable-num-
ber (MPN) procedure was used to estimate the num-
ber of spores recovered. The MPN indices for the
number of spores recovered were computed from the
three-tube statistical table (1).

Characterization ofstrains. Parent and surviving
spores were identified morphologically and biochemi-
cally by the tests described by Gordon et al. (12).

RESULTS
Plate count studies. Plate count determi-

nations for the five agar media tested are given

in Table 1. Except for lower counts obtained on

NA, the numbers of unexposed spores recovered
with the other agar media were comparable.

Sensitivity of the MPN procedure. Table
2 contains the results accumulated from studies
in which MPN and plate counts using TSB and
TSA, respectively, were compared. The num-

bers of unexposed, viable spores recovered by
the two procedures were in close agreement,
demonstrating the MPN method to be as de-
pendable and sensitive as the agar plate method.
Comparison of MPN broth media. Four

different broth media were prepared in 2x con-

centrations and used in an MPN procedure to
recover spores of B. pumilus E601 and BMT-18
which had not been irradiated with UV (Table
2). TSB, MHB, andTHB gave similar and some-
what higher MPN estimates than BHIB. Based
on these results, TSB was chosen to be used in
additional studies.
Comparisons were made between single- and

double-strength concentrations ofboth TSB and
CB (Table 3). Of the four formulations tested,
2x TSB proved to be the most effective medium
for recovering B. pumilus spores irradiated with
incremental doses of UV. The calculated Duv
value for 2x TSB was 3.9 min, whereas the
decimal reduction time for 2x CB was deter-
mined by the least-squares method to be 2.1
min. A 90% reduction value of 2.9 min was

obtained with single-strength CB, indicating
that this medium may be more stimulatory than
the more concentrated formulation for recover-
ing UV-irradiated spores.

Recovery of UV-irradiated spores.
Greater numbers of survivors were consistently
recovered by the MPN method than by the plate
count method (Table 4). Resultant Duv values
were as much as four times higher than those
obtained by plate count recovery methods. Via-
bility and resistance remained constant for 4
weeks. As a result of these findings, the agar

plate method was no longer used in the recovery
and quantification of UV-irradiated spores.

Table 5 contains resistance and stability test
results for a spore suspension of strain BMT-18
(104 spores/ml). Duv values ranged from 4.3. to
5.3 min, and survivors were recovered after ex-

posure to a UV dose of 84,000 ergs/MMm2, dem-

TABLE 1. Plate count recovery comparisons ofnonirradiated spores ofB. pumilis
Recovery'

Strain and suspension lot
TSA BHIA MHA THA NA

BMT-18, 042778 1.5 x 108 1.1 x l0o 1.5 x l08 1.4 x 108 2.5 x 107
1.9 x 10w 7.4 x 107 2.3 x 108 1.1 x l0o 1.9 x 107

BMT-18,062278 1.5 x 104 1.1 X 104 2.0 x 104 1.6 x 104 1.0 X 103
2.0 x 104 2.2 x 104 1.7 x 104 1.8 x 104 2.7 x 103

a Each count represents an average of triplicate plates and is expressed as viable spores per milliliter.
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RECOVERY OF UV-TREATED B. PUMILUS SPORES 697

TABLE 2. Plate count andMPN recovery comparison of nonirradiated spores ofB. pumilus
Recovery (viable spores/ml)

Strain and lot Plate count with MPNb
TSMa TSB BHIB MHB THB

BMT-18, 042778 1.5 x 108 1.1 x 108 4.6 x 107 1.2 x 108 1.1 x 108
1.9 x 108
1.9 x 108

BMT-18, 091878 1.9 x 104 2.3 x 104 1.1 X 103 2.3 x 104 1.5 x 104
E601,012379 3.2 x 108 4.3 x 108 7.0 x 107 4.3 x 108 1.5 x 108
BMT-18, 110878 1.6 x 104 2.4 x 104 NDc ND ND
E601,d S41775 4.9 x 104 4.3 x 104 ND ND ND

1.6 x 104 2.3 x 104 ND ND ND
2.1 x 104 4.3 x 104 ND ND ND
2.8 x 104 9.3 x 103 ND ND ND
1.8 x 104 1.5 x 104 ND ND ND
1.9 x 104 4.3 x 10 ND ND ND

E601,' 012379 3.2 x 108 1.2 x 108 ND ND ND
2.9 x 108 3.9 x 108 ND ND ND
3.2 x 108 4.3 x 108 ND ND ND

a Pour plate methods and TSA used to determine counts.b Media were used in 2x concentrations.
'ND, Not done.
d Spores obtained by shearing six 104 spore strips supplied by Ethicon, Inc.
'Aqueous suspension of spores from B. pumilus E601 were used.

TABLE 3. Comparison of TSB and CB for recovering spores irradiated with UV
Recovery (viable spores/ml)

Exposure timea (min)
CB, lx TSB, lx CB, 2x TSB, 2x

0 (unexposed control) 1.5 x 104 4.6 x 104 9.3 x 103 2.4 x 104
2 (12,000) 4.3 x 103 4.6 x 104 9.3 x 103 2.4 x 104
4 (24,000) 4.3 x 103 1.5 x 104 1.5 x 103 2.4 x 104
6 (36,000) 4.3 x 103 2.4 x 103 9.0 x 100 9.3 x 108
8 (48,000) 4.3 x 10' 9.3 x 10' 4.0 x 100 4.3 x 102
10 (60,000) 4.0 x 100 7.5 x 10' 0 2.1 x 102
12 (72,000) 0 4.3 x 10' 0 9.3 x 10'
14 (84,000) 0 0 0 2.3 x 10'
16 (96,000) 0 0 0 4.0 x 100
18 (108,000) 0 0 0 0

Duvb (min) 2.9 3.3 2.1 3.9
a Time of exposure to a UV intensity of 1,000 ,uW/cm2. Numbers in parentheses represent dose in ergs per

square millimeter.
b Time required, at UV intensity of 1,000, W/cm2, to reduce the initial spore population by 1 logarithm (90%).

onstrating the resistance of these spores to UV.
Incremental doses of UV in excess of 84,000
ergs/mm2 were not given to spores in this study.
Viable counts showed a slight decline after 6
weeks of storage; however, resistance of spores
in this suspension was found to be consistent
over a 6-week test period.

Resistance and recovery data for an initial
spore population of 105 spores/ml are given in
Table 6. Duv determinations with 2x TSB
ranged from 4.2 to 4.9 min, whereas this range
with CB was 2.4 to 2.7 min. Based on the num-
bers of survivors recovered, the Duv value for 2x
TSB was greater by a factor of 1.8 than that

obtained for CB. Survivors were not detected in
CB MPN tubes after exposure to 84,000 ergs/
nn2, whereas some few spores dosed with
108,000 ergs/mm2 were recovered with TSB.
Counts and resistance values for this spore sus-
pension remained stable through 12 weeks of
testing.

Results from studies involving initial spore
populations of 106/ml are listed in Table 7. The
length of time required by this level of spores to
absorb a sufficient dose of UV energy to cause a
1-log reduction (90%) ranged from 4.2 to 4.6 min.
These Duv calculations were comparable to
those for both 104 and 105 spore suspensions.
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TABLE 4. UV resistance data on a B. pumilus BMT-18 spore suspension, comparingplate count and MPN
recovery methodsa

Recovery (viable spores/mni)

Exposure timeb Initial 1 wk 4 wk

Plate count' MPNd Plate count MPN Plate count MPN

0 6.5 x 103 4.6 x 103 1.2 x 104 9.3 x 103 6.7 x 103 2.4 x 103
(control) 9.3 x 103 4.3 x 103

2 5.2 x 103 4.6 x 103 5.2 x 103 2.4 x 104 3.7 x 103 2.4 x 103
(12,000) 9.3 x 103 7.5 x 103

4 2.0 x 100 2.1 x 103 1.6 x 102 2.4 x 103 7.4 x 101 4.3 x 103
(24,000) 2.4 x 103 4.3 x 103

6 2.0 x 100 7.5 x 102 0 9.3 x 102 7.4 x 10' 2.4 x 103
(36,000) 4.3 x 103 2.4 x 103

8 0 2.4 x 102 0 2.4 x 102 0 9.3 x 102
(48,000) 4.3 x 102 2.4 x 102

10 0 2.3 x 10' 0 2.3 x 101 0 9.3 x 10'
(60,000) 4.3 x 101 2.3 x 101

12 0 0 0 2.3 x 10' 0 4.3 x 10'
(72,000) 1.5 x 101 1.5 x 101

14 0 0 0 0 0 4.0 x 10°
(84,000) 0 0

Duve (min) 1.1 4.4 2.1 3.9 1.9 4.2
a Large-volume parent suspension (lot ST-091878-LV containing 104 spores/ml) were dispensed in 2-ml

portions into 15-ml NDTs and irradiated at the time intervals listed.
b See footnote a, Table 3.
'Counts determined by agar plate method using TSA.
d Counts of single (initial) and duplicate (1-week and 4-week) suspensions exposed at each time interval

determined by the three-tube MPN method using TSB (2x).
'See footnote b, Table 3.

TABLE 5. UV resistance data on a B. pumilus BMT-18 spore suspension, usingMPN recovery methodsa
Recovery (viable spores/ml)'

Exposure timeb
Initial 2 wk 4 wk 6 wk

0 9.3 x 103 9.3 x 103 4.3 x 103 4.3 x 103
(control) 1.5 X 104 2.4 x 104 2.4 x 104 2.1 x 104

2 2.1 x 104 9.3 x 103 2.4 x 103 9.3 x 102
(12,000) 9.3 x 103 9.3 x 103 1.5 x 103 9.3 x 103

4 9.3 x 103 4.3 x 103 9.3 x 102 4.3 x 102
(24,000) 4.6 x 104 9.3 x 103 4.3 x 103 4.3 x 102

6 2.4 x 103 7.0 x 102 2.4 x 103 4.3 x 102
(36,000) 9.3 x 103 2.4 x 103 1.5 x 103 1.5 x 102

8 4.3 x 102 2.4 x 102 2.4 x 102 2.4 x 102
(48,000) 9.3 x 102 2.4 x 102 4.3 x 102 9.3 x 102

10 4.3 x 102 4.3 x 10' 4.3 x 102 2.3 x 10'
(60,000) 4.3 x 102 1.5 x 102 9.3 x 10' 4.3 x 102

12 9.3 x 101 9.3 x 10' 4.3 x 10' 2.3 x 10'
(72,000) 9.3 x 10' 4.3 x 10' 9.3 x 10' 2.3 x 10'

14 2.3 x 10' 2.3 x 10' 9.0 x 100 9.0 x 100
(84,000) 2.3 x 10' 2.3 x 10' 9.0 x 100 2.3 x 10'

Duvd (min) 4.5 4.3 5.0 5.3
aLarge-volume parent suspension (lot ST-120478-LV containing 104 spores/ml) was dispensed in 2-ml

portions into 15-ml NDTs and irradiated at the time intervals listed.
b See footnote a, Table 3.
'Counts of duplicate suspensions exposed at each time interval determined by the three-tube MPN method

using TSB (2x).
d See footnote b, Table 3.
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TABLE 6. UV resistance data on a B. pumilus BMT-18 spore suspension, comparing CB (1x) and TSB (2x)
in MPN recovery methodsa

Recovery (viable spores/ml)

Exposure timeb 10 wk 12 wk
6 wk with TSBC

CBd TSB CB TSB

0 1.5 x 105 7.5 x 105 2.4 x 105 4.3 x105 2.4 x 105
(control) 7.0 x 104

2 4.3 x 104 4.3 x 104 4.3 x 104 9.3 x 104 4.3 x 104
(12,000) 4.3 x 104

4 2.4 x 104 2.4 x 104 4.3 x 104 9.3 x 103 4.3 x 103
(24,000) 2.4 x 104

6 2.4 x 103 4.3 x 102 9.3 x 103 9.3 x 102 4.3 x 103
(36,000) 2.4 x 104

8 7.1 x 103 4.3 x 102 9.3 x 103 4.3 x 102 2.4 x 103
(48,000) 2.1 x 103

10 2.4 x 103 2.3 x 102 2.4 x 103 4.3 x 102 4.3 x 102
(60,000) 9.3 x 103

12 4.3 x 102 9.0 x10° 2.4 x 103 2.3 x 10' 2.4 x 102
(72,000) 3.0 x 102

14 1.5 x 102 0 9.3 x 10' 0 4.3 x 102
(84,000) 7.5 x 102

16 9.3 x 10' 0 2.3 x 10' 0 4.0x 100
(96,000) 4.3 x 102

18 9.0 x10° 0 9.0 x 10° 0 2.3 x 10'
(108,000) 2.3 x 10'

Duv' (min) 4.9 2.4 4.2 2.7 4.9

Large-volume parent suspension (lot ST-010579-LV containing 105 spores/ml) was dispensed in 2-ml
portions into 15-ml NDTs and irradiated at the time intervals listed.

b See Footnote a, Table 3.
'Counts of duplicate (6-week) and single (10-week and 12-week) suspensions exposed at each time interval

determined by the three-tube MPN method using TSB (2x).
d Counts of single suspension (10 week and 12 week) exposed at each time interval determined by the three-

tube MPN method using CB (lx).
'See footnote b, Table 3.

Surviving spores were recovered after 18 min of
exposure, or a UV dose of 108,000 ergs/mm2.
Logarithmic increases in initial spore suspen-
sions resulted in linear increases in UV doses
required to destroy spores without affecting the
Duv values.
Table 8 is a summary of resistance data for

strain E601 showing initial logarithmic reduc-
tions after 4 min of exposure. By comparison, a
90% reduction in the initial populations ofBMT-
18 spores was generally observed after 6 to 8 min
of exposure, giving a slight shoulder in the spore
destruction curve when plotted graphically. Vi-
ability and resistance of E601 spores were com-
parable to those ofBMT-18, and this suspension
was found to retain stability through 6 weeks of
storage and testing.

DISCUSSION
The literature contains numerous reports on

conditions which enhance the recovery of
stressed or injured bacterial spores. Cook et al.

(6) found that after gamma radiation, surface-
spread plate counts for B. subtilis were greater
than those obtained by an MPN tube dilution
method. On the contrary, Roberts and Aldous
(20) reported that recovery of UV-irradiated
organisms was better on semisolid media than
on conventional agar media. Nelson (18) showed
that heat-treated spores of B. subtilis gave dif-
ferent counts on different agar media, and even
the source of the agar has been reported to be
important in the recovery process (13).

B. pumilus spores exposed to ionizing radia-
tion have been recovered by various methods (4,
5, 10), and Zuk et al. (Annu. Meet. Am. Soc.
Microbiol., 1972) described an optimal recovery
procedure for B. pumilus E601 spores injured by
gamma radiation in which CB was used. Al-
though CB recovered higher numbers of UV-
irradiated spores than agar plates in our study,
it failed to compare with 2x TSB for this pur-
pose. Some component ofCB is apparently toxic
to B. pumilus spores subjected to biocidal doses
of UV. This is supported by the observation that

VOL. 39, 1980



700 ABSHIRE, BAIN, AND WILLIAMS

the 2x preparation of this medium yielded the
lowest numbers of survivors in recovery tests.

TABLE 7. UV resistance data on a B. pumilus
BMT-18 spore suspension, using MPN recovery

methodsa
Recovery (viable spores/ml)

Exposure time'
3 wk 7 wk

0 9.3 x 105 9.3 x 105
(control) 4.3 x 106 9.3 x 105

2 9.3 x 105 4.3 x 10"
(12,000) 9.3 x 105 9.3 x 105

4 7.5 x 105 4.3 x 105
(24,000) 4.3 x 105 2.4 x 105

6 4.3 x 105 9.4 x 104
(36,000) 1.5 x 105 1.5 x 105

8 2.4 x 105 2.4 x 105
(48,000) 9.3 x 104 9.3 x 104

10 1.5 x 104 4.6 x 105
(60,000) 9.3 x 103 2.4 x 104

12 2.4 x 103 9.3 x 103
(72,000) 2.4 x 104 9.3 x 103

14 4.3 x 102 9.3 x 103
(84,000) 9.3 x 102 2.4 x 103

16 Not tested 2.4 x 102
(96,000) 7.0 x 102

18 Not tested 2.3 x 10'
(108,000) 9.3 x 10'

DuvC (min) 4.2 4.6
a Large-volume parent suspension (lot ST-120479-

LV containing 106 spores/ml was dispensed in 2-ml
portions into 15-ml NDTs and irradiated at the time
intervals listed. Data show counts of duplicate suspen-
sions exposed at each time interval determined by the
three-tube MPN method using TSB (2x).

'See footnote a, Table 3.
'See footnote b, Table 3.

Since it has been shown that damage to a spore

by UV is of a different nature than that caused
by ionizing radiation (8, 17), perhaps the repair
mechanisms also differ, causing variations in
nutritional requirements of spores exposed to
one of these types of radiation. The more precise
intricacies of these processes warrant additional
study.

Certain irradiated spores become more fastid-
ious in their nutritional demands and increas-
ingly sensitive to the environment in which they
are recovered (7, 9, 10, 23). Included are such
factors as pH, oxygen, temperature, and time of
incubation, each of which exerts independent
influences. Speculation is not offered on the
effects of incubation temperature or pH on the
recovery process for UV-irradiated spores, since
we investigated only a temperature range of 32
to 35°C and a pH value of 7.3 ± 0.3. Results
showed that maximal numbers of positive MPN
tubes were generally obtained by the 3rd day of
incubation and that additional tubes did not
become positive after 9 days of incubation.
Therefore, a 5-day incubation period appeared
adequate for the MPN test.

Slopes of spore destruction curves for gamma
radiation are not influenced greatly by the initial
spore population per carrier (2, 11, 16). Our data
agreed with these reports as higher initial spore
suspensions required greater UV doses to reduce
the number of survivors, but Duv computations
remained relatively unchanged. Viability and
resistance profiles for B. pumilus spores stored
in glass flasks at ambient temperature were

maintained for up to 12 weeks. Storage of spore
suspensions in the polyethylene vials resulted in

TABLE 8. UV resistance data on a B. pumilus E601 spore suspension using MPN recovery methods
Recovery (viable spores/ml)

Exposure timeb
Initial 2 wk 4 wk 6 wk

0 9.3 x 103 4.3 x 103 2.1 x 10' 2.4 x 103
(control) 4.3 x 103 9.3 x 103 4.3 x 10;' 4.3 x 10;'

2 9.3 x 103 4.3 x 103 4.3 x 10:; 4.3 x 103
(24,000) 4.3 x 103 1.5 x 103 4.3 x 10:' 2.4 x 103

4 4.3 x 102 9.3 x 102 9.3 x 102 9.3 x 102
(36,000) 4.3 x 102 9.3 x 102 2.4 x 10;' 1.5 X 103
6 2.3 x 102 4.3 x 102 2.4 x 102 4.3 x 102

(48,000) 9.0 x 10' 2.4 x 102 9.3 x 102 2.4 x 102
8 4.3 x 10' 2.4 x 102 2.4 x 102 7.0 x 102

(60,000) 4.3 x 10' 7.0 x 10' 2.4 x 102 2.4 x 102
10 1.5 x 10' 4.0 x 10(" 1.5 x 102 4.3 x 102

(72,000) 9.0 x 10" 2.3 x 10' 1.5 x 10' 1.5 x 10'
12 1.5 x 10" 0 9.0 x 10" 1.5 x 10"

(84,000) 0 0 0 0
14 0 0 0 0

(84,000) 0 0 0 0
16 0 0 0 0

(108,000) 0 0 0 0
Duvc (min) 3.6 3.9 4.3 4.0

` See Table 7.
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lowered counts and resistance characteristics.
Initial shoulders, followed by exponential

death rates, were observed in spore regression
curves. Strain BMT-18 exhibited a more pro-
nounced shoulder than E601. Some spores, ac-
cording to Hugo (14), possess the ability to repair
damage from sublethal doses of UV, and this
may account for the initial shoulder response
demonstrated consistently by UV-irradiated
spores of B. pumilus.

Greater numbers of irradiated spores were
consistently recovered with 2x TSB than with
TSA. Such dramatic differences were not noted
between these two outgrowth media in tests
involving nonirradiated spores. Perhaps as a re-
sult of diffusion, a broth medium prevents the
accumulation of toxic antimetabolites from
being maintained in close proximity to the dam-
aged spore, which could ultimately be a cause of
death. Lethal or antagonistic principals released
from spores subjected to UV may be absorbed
or bound to constituents in the broth, allowing
germination, outgrowth, and recovery of dam-
aged spores. Additionally, a broth may furnish
more readily available nutrients required for
repair mechanisms not immediately present in
the agar.
MPN estimates were in close agreement with

plate counts for determining the number of
spores present in suspensions which had not
been exposed to UV, allowing for a high degree
of confidence in the MPN method for estimating
the number of irradiated spores recovered. The
inherent low precision associated with the MPN
method was minimized by performing large
numbers of tests.
Our results indicate that B. pumilus spores

are resistant to UV radiation when compared
with resistance data reported for other micro-
organisms (21, 22, 24; Schlech, unpublished
data). Since efforts in the present study provided
reproducible resistance and stability data, B.
pumilus may serve as a useful biological indica-
tor for determining and monitoring the effec-
tiveness of UV sterilization processes. However,
additional study is required before the useful-
ness of the recovery procedures used in this
report can be fully assessed.
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