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Clostridium botulinum spores were sublethally damaged by exposure to 12 or 28
jig of available chlorine per ml for 2 min at 25°C and pH 7.0. The damaging dose
was 2.7 x 10-6 to 3.1 x 10-6 pLg of available chlorine per spore. Damage was
manifested by a consistent 1.6 to 2.4 log difference between the most probable
number enumeration of spores (modified peptone colloid medium) and the colony
count (modified peptone yeast extract glucose agar); this did not occur with
control spores. Damaged spores could be enumerated by the colony count
procedure. Germination responses were measured in several defined and nonde-
fined media. Hypochlorite treatment altered the rate and extent of germination in
some of the media. Calcium lactate (9 mM) permitted L-alanine (4.5 mM)
germination of hypochlorite-treated spores in a medium containing 12 or 55 mM
sodium bicarbonate, 0.8 mM sodium thiosulfate, and 100 mM Tris-hydrochloride
(pH 7.0) buffer. Tryptose inhibited L-alanine germination of the spores. Treat-
ments with hypochlorite and with hydrogen peroxide (7%, 25°C, 2 min) caused
similar enumeration and germination responses, indicating that the effect was due
to a general oxidation phenomenon.

Vegetative cells or spores may be damaged
after exposure to environmental stresses (6, 18).
Recognition of sublethally damaged organisms is
imperative for the accurate interpretation of
microbiological results. Understanding the
mechanisms of bacterial spore injury would
heighten understanding of spore physiology and
resistance and provide information on the mech-
anisms of inactivation.
The use of chlorine for the destruction of

microorganisms is well recognized; however,
most studies are conducted with vegetative cells
or aerobic sporeformers. Sanitizers, such as
hypochlorite, may sublethally injure vegetative
cells (27). Information on the effect of chlorine
on anaerobic spores is limited because of the
inherent difficulty of working with anaerobes
compounded by the complexity of bacterial
spores. The toxic nature of Clostridium botuli-
num is another factor which limits work with
this organism.

Chlorine treatment slows or prevents the ger-
mination of Clostridium bifermentans, Bacillus
cereus, and Bacillus subtilis (32). Yet treatment
of slowly germinating mutants of C. bifermen-
tans spores with hypochlorite increases the ger-

t Paper no. 13,044, Scientific Journal Series, Minnesota
Agricultural Experiment Station, St. Paul, Minn.

t Present address: Department of Food Science, North
Carolina State University, Raleigh, NC 27650.

mination rate of these spores (31). Others have
indicated that treatment with hypochlorite, sodi-
um hydroxide, and other substances may alter
the permeability barrier ofBacillus and Clostrid-
ium spores (13, 22, 30). The altered germination
responses and spore permeability may be relat-
ed. Other halogens and oxidizing agents increase
the germination rate of spores (8) and the num-
ber of colonies formed from them (9). No reports
of which we are aware indicate that hypochlorite
treatment may sublethally injure bacterial
spores.
The objectives of this report are to demon-

strate hypochlorite injury of C. botulinum
spores, to describe altered germination respons-
es and requirements of hypochlorite-treated C.
botulinum spores, and to provide information on
the chemical nature of the injury.

(This information was presented in part at the
42nd Annual Meeting of the Institute of Food
Technologists, Las Vegas, Nev., 22 to 25 June
1982.)

MATERIALS AND METHODS
Spore inoculum. C. botulinum 62A and 12885A were

used in these experiments. The original cultures of
each C. botulinum strain were provided as frozen
spore suspensions by the Swift and Co. Research
Center (Oak Brook, Ill.). Spore crops of the cultures
were prepared by the method of Christiansen et al. (7)
and were held at 4°C in distilled water.
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Enzymatic cleaning of spore crops. Spores were
enzymatically cleaned by a modification of the method
of Rowley and Feeherry (26). The washed pellet from
approximately 200 ml of the original spore suspension
was aseptically mixed with 75 ml of lysozyme solution
and incubated for 30 min in a 45°C water bath with
stirring. After 30 min, 75 ml of trypsin solution was
added, and the incubation was continued with stirring
for 2 h. The solutions of lysozyme (U.S. Biochemical
Corp., Cleveland, Ohio) and trypsin (U.S. Biochemi-
cal) (200 and 100 mg/ml, respectively) were made with
0.05 M potassium phosphate buffer (KH2PO4 and
K2HPO4), pH 8.1, and were filter sterilized (pore size,
0.45 ,um). Enzymatically treated spores were washed
10 times with distilled water by centrifugation at 4,100
x g, 40C.
Cleaned washed spores were suspended in distilled

water at a concentration of about 107 to 2 x 107 spores
per ml and were held at 40C. Microscopic observation
confirmed that the final spore suspension was essen-
tially free of vegetative cells and contained about 7 to
10% phase-dark spores.
Compared with repeated washing (20 times), the

enzymatic treatment had no measurable influence on
the germination of spores of strains 62A and 12885A in
modified peptone yeast extract glucose broth (PYEG)
or modified peptone colloid medium (MPCM) (P. M.
Foegeding, Ph.D. thesis, University of Minnesota, St.
Paul, 1982). Enzymatic cleaning could not be replaced
by extensive washing to remove microscopically ob-
served debris on spores.
Heat activation. Before all experiments, spores (107

to 2 x 107 per ml) were heat shocked in distilled water
for 15 min at 80°C (±2°C). Heat shocking immediately
preceded hypochlorite or H202 treatment. Heat acti-
vation was within 3 h of enumeration or germination.

Hypochlorite treatment. Hypochlorite solutions
were made within 1 h of use by diluting 5% sodium
hypochlorite (University of Minnesota Chemical
Storehouse) with 100 mM potassium phosphate buffer,
pH 7.0, to the desired concentrations. The pH of the
hypochlorite solutions was checked and adjusted with
1 to 2 drops of ca. 3 M HCl per 50 to 100 ml of
hypochlorite solution to assure a pH of 7.0. Concen-
trations of available chlorine (AC) were 12 and 28
jLg/ml. Filter-sterilized potassium phosphate buffer
(100 mM, pH 7.0) was used as a control. Hypochlorite
concentrations reported are those actually in contact
with the spores. Treatments are reported as micro-
grams of AC per milliliter, as determined by iodomet-
ric titration (1).

Reagents (hypochlorite solutions, buffer, sodium
thiosulfate neutralizer) and spore suspensions were
tempered to 25 ± 0.2°C. Spores were treated with the
selected concentration of hypochlorite for 2 min at
25C. The treatments were done by rapidly adding the
hypochlorite to a test tube or a 12-ml conical centri-
fuge tube containing the spores and mixing rapidly.
Timing was begun at the beginning of the mixing. After
2 min, excess hypochlorite was neutralized with filter-
sterilized 0.4% sodium thiosulfate in either 100 mM
Tris-hydrochloride buffer, pH 7.0, or 100 mM potassi-
um phosphate buffer, pH 7.0. The buffer in the sodium
thiosulfate neutralizer system was the same as that
used for the test germination media. If the spores were
not used for germination studies, either buffer was
used. After the treatment and neutralization, the spore

suspensions were held in an ice water bath until
needed.
The volume ratio of spore suspension (107 to 2 x 107

spores per ml) to the selected hypochlorite solution to
neutralizer was 6:1:5. The sodium thiosulfate added
was in excess of that needed to neutralize the full
amount of hypochlorite added.
Hydrogen peroxide treatment. Hydrogen peroxide

solutions were made within 1 h of use by diluting 30%o
H202 (Fisher Scientific Co., Pittsburgh, Pa.) with 100
mM potassium phosphate buffer, pH 7.0, to the de-
sired concentrations. Concentrations reported are
those actually in contact with the spores. Concentra-
tions from 0 to 1OTo H202 were used and were verified
by pH measurement (28).
Reagents (H202 solutions, buffer, catalase neutraliz-

er) and spore suspensions were tempered to 25 ±
0.2°C. Spores were treated with the selected H202
concentration for 2 min at 25°C. The treatments were
done by rapidly adding the H202 to a 12-ml conical
centrifuge tube containing the spores and mixing rap-
idly. Timing was begun at the beginning of the mixing.
After 2 min, excess H202 was neutalized with a sterile
catalase solution (46,000 U/ml; Worthington Diagnos-
tics, Freehold, N.J.), and the tubes were placed in an
ice water bath. The volume ratio of spore suspension
(107 to 2 x 107 spores per ml) to the selected H202
solution to neutralizer was 6:2:1.5.
Washing spores. The spores were washed to remove

the added chemicals to prevent interference with sub-
sequent experimentation. Spore suspensions were
washed three times with 2 to 5 ml of cold sterile
distilled water. Washing did not alter the responses of
the spores (data not shown).
Enumeration procedures. All dilutions were made in

0.1% peptone (Difco Laboratories, Detroit, Mich.)
water. Direct microscopic counts of the spore suspen-
sions made in Petroff-Hausser counting chambers
were used as population estimates (25).
Colony counts were determined with Lee tubes (24)

containing PYEG (peptone yeast extract agar without
vitamin K1 and with 0.1% glucose [16] and with
NaHCO3 added after autoclaving to obtain 14 mM
NaHCO3 in the medium). Preparation and use of
PYEG Lee tubes was as follows. Five g of peptone
(Difco), 5 g of Trypticase peptone (BBL Microbiology
Systems, Cockeysville, Md.), 10 g of yeast extract
(BBL), 1 g of dextrose, 15 g of agar (Difco), 40 ml of
salts solution (16), 4 ml of 0.025% (wt/vol) resazurin in
distilled water (Eastman Kodak Co., Rochester,
N.Y.), and 1 liter of distilled water were mixed,
adjusted to pH 7.0 with ca. 1 N HCI or 1 N NaOH, and
steamed 20 min at 100°C. After steaming and cooling
to ca. 50°C, 10 ml of 0.05% (wt/vol) hemin in 0.01 N
NaOH solution and 0.5 g of cysteine hydrochloride-
water (Sigma Chemical Co., St. Louis, Mo.) per liter
of distilled water were added. The medium was next
mixed, and 14.5 ml was dispensed into each Lee tube.
The medium was prepared 1 day before use and was
held at 4°C overnight. Before inoculation, the PYEG
Lee tubes were steamed 15 min and tempered to 46 to
48°C, and 0.2 ml of freshly prepared, filter-sterilized
NaHCO3 (86 mg/ml; Matheson, Coleman and Bell,
Norwood, Ohio) per tube in distilled water was asepti-
cally added. Duplicate or triplicate PYEG Lee tubes
were inoculated with 0.1 ml of the appropriate culture
dilution while the tubes were sitting on a warm hot
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TABLE 1. Germination media
Code Component Concna

A L-Alanine (Sigma) 4.5 mM
B Sodium bicarbonate (Matheson, 12 mM

Coleman and Bell)
B+ Sodium bicarbonate (Matheson, 55 mM

Coleman and Bell)
C L-Cysteine hydrochloride-water 9 mM

(Sigma)
G Sodium thioglycolate (Difco) 4 mM
L DL-Calcium lactate (Fisher) 9 mM
T Tryptose (Difco) 1.8%
X Tris-hydrochloride buffer

(THAM, Fisher), pH 7.0 at 100 mM
350C

Z Potassium phosphate buffer 100 mM
(KH2PO4, K2HPO4;
Mallinkrodt, Inc., St. Louis,
Mo.), pH 7.0

Sodium thiosulfate (Fisher)b 0.8 mM
a Concentrations listed have taken into account

dilution owing to inoculation.
b Sodium thiosulfate was present in each medium

and is not designated by a code.

plate (low setting; temperature, ca. 45°C). The tubes
were mixed and incubated at 35°C for 20 to 26 h.
Colonies were counted with the aid of a Quebec
colony counter. Salt solution components were 1.8
mM CaCl2, 1.7 mM MgSO4, 119 mM NaHCO3, 5.7
mM K2HPO4, 7.4 mM KH2PO4, and 34 mM NaCl.
Enumeration was also carried out by a most proba-

ble number (MPN) procedure in MPCM as described
by Sofos et al. (29). Serial dilutions of heat-shocked
spores were inoculated into five MPCM tubes, and the
tubes were capped with Vaspar and incubated at 35°C
for 7 days. Positive MPCM tubes, indicated by black-
ening and gas production, were used to calculate the
MPN and the 95% confidence interval.
Germination procedures. Components of the germi-

nation media, their concentrations, and the codifica-
tion system are detailed in Table 1. The germination
media were prepared from the dry components imme-
diately before use, filter sterilized (pore size, 0.45 p.m),
and held in an ice water bath until the incubation was
begun. Buffers were prepared up to 2 months ahead of
use and were stored at 4°C. The pH values of all the
media were between 6.97 and 7.36.
Germination experiments were performed by asepti-

cally adding 0.5 ml of each germination medium to
separate sterile glass test tubes (10 by 75 mm). Each
tube of germination medium was inoculated with 2
drops of the desired spore suspension (ca. 107 to 5 x
107 spores per ml of suspension) from a Pasteur
pipette. Tubes of germination media were placed in an
ice water bath during inoculation and until incubation
was begun. Racks containing c 35 tubes were incubat-
ed at 35°C in a water bath. The germination media
reached 35°C in approximately 30 s. Sampling was
done at selected times by aseptically removing 1 drop
of each inoculated germination medium and placing it
onto a clean flamed cover slip. Cover slips were held
on a hot plate (ca. 50°C) before and during sampling.

Samples dried in ca. 15 s. The total time to sample
tubes from one rack was c 5 min, so the actual
sampling time may have ranged from the indicated
time to the indicated time plus 5 min.
Cover slips were placed onto microscope slides

coated with ca. 0.5 ml of 0.2% purified agar or onto 1
drop of distilled water on microscope slides. The
smears were examined by phase-contrast microscopy
at magnifications of x1,000 or x1,250 (Nikon Labo-
phot, Nippon Kogaku K.K., Tokyo, Japan, with blue
filter or Zeiss Universal, Carl Zeiss, Oberkochen,
West Germany, with green filter). A total of 100 to 200
spores were counted. During counting, spores were
recorded as phase bright or phase dark. Only fully
bright spores were counted as phase bright. Spores
appearing either fully or partially dark were recorded
as phase-dark spores. Of the spores recorded as phase
dark, generally 10% were of the partially dark variety.
The negative controls for the germination experi-

ments were the spore treatments placed in the appro-
priate buffer bases (100 mM potassium phosphate, pH
7.0, or 100 mM Tris-hydrochloride, pH 7.0) corre-
sponding to the buffer of the test germination medium
and were incubated at 35°C with the germination
media. Results are reported as percentages ofgermina-
tion, i.e., the percentage of phase-dark spores in the
test germination medium less the percentage of phase-
dark spores in the negative control. Generally, the
controls contained about 7 to 10% phase-dark spores,
regardless of sampling time.
Amino acid analysis. Total amino acids in tryptose

were determined with a Dionex D300 microbore col-
umn kit (Dionex Corp., Sunnyvale, Calif.). Free (solu-
ble) amino acids in tryptose were determined as fol-
lows. To 1 ml of 27 mg of tryptose per 100 ml of water
was added 0.8 ml of 5 M norleucine (internal standard)
in water and 2.7 ml of 13% sulfosalicylic acid in water.
The mixture was centrifuged, and the supernatant fluid
(0.676 ml) was removed and titrated to pH 2.2 with 0.5
N NaOH. The volume was brought to 1 ml with water.
Free amino acids were determined in the titrated
diluted supernatant fluid.

RESULTS
Enumeration. Enumeration data for C. botuli-

num 12885A and 62A spores treated with 0, 12,
and 28 ,ug ofAC per ml are presented in Table 2.
Colony counts from the PYEG Lee tubes consis-
tently were about one-half log cycle higher than
the MPN data in MPCM for buffer-treated
spores of strains 12885A and 62A (0 ,ug of AC
per ml) and for strain 12885A spores treated with
12 ,ug of AC per ml. The average population of
buffer-treated C. botulinum 12885A spores enu-
merated with PYEG Lee tubes was 9.4 x 106
CFU/ml, which agreed well with the calculated
number of spores added based upon direct mi-
croscopic count of the phase-bright spores in the
stock suspension. The calculated number of C.
botulinum 12885A spores added was 107 per ml.
Agreement of the average population enumerat-
ed by PYEG Lee tubes and the calculated popu-
lation from the direct microscopic count of the
stock suspension for buffer-treated strain 62A
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TABLE 2. Enumeration of buffer-treated and
hypochlorite-treated C. botulinum spores

Log population
C. botulinum AC concn Colony

strain (p.g/ml) counts (MPN/Ml)b
(CFU/ml)a MNm)

12885AC 0 6.97 6.28 (5.94-6.52)
12 6.94 6.19 (5.74->6.45)
28 6.37 3.97(3.64 4.28)

62Ad 0 6.70 6.14 (5.60-6.48)
12 5.73 4.13 (3.85-4.67)
28 3.72 2.12 (1.81-2.52)

a PYEG Lee tube procedure.
b MPCM five-tube MPN procedure; numbers in

parentheses show 95% confidence interval.
c Data represent three replicate trials.
d Data represent three or four replicate trials.

spores was excellent. The population was 5.0 x
106 per ml by each of the methods.
Populations of C. botulinum 12885A spores

treated with 28 ,ug of AC per ml and of strain
62A spores treated with 12 and 28 ,ug of AC per
ml were 2.4, 1.6, and 1.6 logs, respectively,
lower by the MPN procedure than by the PYEG
Lee tube procedure (Table 2). C. botulinum 62A
spores were apparently inactivated by treatment
with 28 p.g of AC per ml since the populations
recovered by both enumeration procedures were
about 3 to 4 log cycles less than buffer-treated
spores. By both enumeration procedures, the
population of C. botulinum 12885A spores re-
mained essentially constant for treatment with 0
to 12 p,g ofAC per ml. For spores treated with 28
,ug of AC per ml, some inactivation was indicat-
ed by the small decrease of the population
(colony count enumeration) as compared with
buffer-treated controls. MPCM with added agar
placed in Lee tubes was no more productive
than the medium used in MPN tubes overlaid
with Vaspar for the recovery of buffer-treated or
hypochlorite-treated spores (data not shown).

Germination. Germination of hypochlorite-
treated and buffer-treated C. botulinum 12885A
spores was evaluated in several media. Figures 1
and 2 show representative germination respons-
es of the spores in media designated ABLX and
TB+Z, respectively (see Table 1). The data
presented in Fig. 1 and 2 are each examples of
one representative trial in two of the four pri-
mary media studied. Data from replicate trials in
each of the media studied frequently differed in
the exact percentage of germination observed,
but the relative amounts of germination and the
trends observed were consistent within repli-
cates. Consequently, relative responses were
compared. This avoided overemphasizing the
actual numerical extents of germination.
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FIG. 1. Germination of buffer-treated and hypo-

chlorite-treated C. botulinum 12885A spores in medi-
um ABLX (see Table 1). Data represent one trial. AC
concentrations, 0 (0), 12 (3), and 28 (0) Fag/ml.

In medium ABLX (Fig. 1), the rates and
extents of germination were similar for spores
treated with 0, 12, or 28 jig of AC per ml.
However, in medium TB+Z (Fig. 2), increased
hypochlorite treatment decreased both the rate
and extent of spore germination. Data in Fig. 1
and 2 show that the effect of the hypochlorite
treatment on the spore germination response
varied in different media and was evident at 120
min of incubation. Consequently, subsequent
comparisons were based upon the extent of
germination at 2 h.

Germination responses of buffer-treated and
hypochlorite-treated C. botulinum 12885A
spores in the four primary germination media
studied are presented in Fig. 3. Treatment of the
spores with hypochlorite reduced the extent of
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FIG. 2. Germination of buffer-treated and hypo-

chlorite-treated C. botulinum 12885A spores in medi-
um TB+Z (see Table 1). Data represent one trial.
Symbols as in legend to Fig. 1.
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FIG. 3. Extent of germination after 2 h for buffer-
treated and hypochlorite-treated C. botulinum 12885A
spores in AB+Z, TB+Z, ABLX, and ABCGZ germina-
tion media (see Table 1). Data represent averages of
three to seven trials. AC concentrations, 0 (E), 12 (ill),
and 28 (U) ,ug/ml.

germination at 2 h compared with that of buffer-
treated spores in the media designated AB+Z,
TB+Z, and ABCGZ (see Table 1). However,
hypochlorite treatment did not reduce the extent
of germination after 2 h in medium ABLX com-
pared with that of buffer-treated spores. To
determine which medium components support-
ed or interfered with the germination of hypo-
chlorite-treated spores, components were add-
ed, deleted, or exchanged, and germination
responses were evaluated in these reformulated
media. Because essentially equivalent extents of
germination of hypochlorite-treated and buffer-
treated spores occurred only in medium ABLX,
components which were present only in or ab-
sent only from medium ABLX were targeted for
further study. These components were Tris-
hydrochloride buffer and calcium lactate.
The influences of the buffer system, sodium

bicarbonate concentration, and the presence or
absence of sodium thioglycolate, cysteine hy-
drochloride, and sodium thiosulfate were exam-
ined in several medium formulae (data not
shown). The influences of each of these varia-
bles on the germination of buffer-treated and
hypochlorite-treated spores were minimal, ex-
cept that 55 mM sodium bicarbonate generally
increased the extent of germination (ca. 30%) in
2 h compared with 12 mM sodium bicarbonate.
In no case did the presence, absence, or change
in concentration of these components result in
equal extents of germination of spores treated
with 0 or 28 ,ug of AC per ml.
The influence of DL-calcium lactate on the

germination of buffer-treated and hypochlorite-
treated spores of C. botulinum 12885A in four
media was studied (Fig. 4). The presence of
calcium lactate generally increased the germina-
tion of buffer-treated spores by 20 to 40% after 2
h. Only in medium AB+X, when compared with
medium AB+LX (see Table 1), did the presence
of calcium lactate have little effect (7% differ-

ence) on the germination of buffer-treated
spores.
The presence of calcium lactate also increased

the extent of germination of hypochlorite-treat-
ed spores in each of the four basic media pre-
sented in Fig. 4. In some media the increase was
negligible (3 to 12% for TB+X versus TB+LX
and ABCGX versus ABCGLX). The beneficial
effect of calcium lactate on the germination of
hypochlorite-treated spores in medium AB+LX
was extensive. This was readily apparent when
the extents of germination of buffer-treated and
hypochlorite-treated spores were compared in
the media without (AB+X) and with (AB+LX)
calcium lactate. In medium AB+X, a stepwise
decrease in germination at 2 h resulted from the
treatment of spores with increasing amounts of
hypochlorite. However, in medium AB+LX,
with calcium lactate present, the extent of ger-
mination was essentially equivalent regardless
of hypochlorite treatment. Merely adding calci-
um lactate to the germination media ABCGX
and TB+X, forming ABCGLX and TB+LX, did
not result in equivalent germination of hypochlo-
rite-treated and buffer-treated spores. Rather,
for media ABCGX and TB+X as well as for their
calcium lactate-containing counterparts,
ABCGLX and TB+LX, there was a stepwise
decrease in the extent of germination at 2 h with
increasing hypochlorite treatment. The data pre-
sented in Fig. 4 indicate that the influence of
calcium lactate on germination of hypochlorite-
treated spores is small in media ABCGLX and
TB+LX compared with media ABCGX and
TB+X, intermediate in medium TAB+LX com-
pared with TAB+X, and large in medium
AB+LX compared with AB+X.
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FIG. 4. Influence of the presence (+) or absence

(-) of DL-calcium lactate on the germination of buffer-
treated and hypochlorite-treated C. botulinum 12885A
spores. Data represent averages of three, one, four,
and four trials in TAB+X, ABCGX, AB+X, and TB+X
medium systems (see Table 1), respectively. Symbols
as in legend to Fig. 3.
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FIG. 5. Influence of L-alanine on the germination
of buffer-treated and hypochlorite-treated C. botuli-
num 12885A spores in media without and with tryptose
and without and with calcium lactate. Data represent
averages of three trials. Symbols as in legend to Fig. 3.

The only difference in three of the basic media
shown in Fig. 4 was the amino acid or protein
source present. The media TAB+X (TAB+LX),
AB+X (AB+LX), and TB+X (TB+LX) (see Ta-
ble 1) differed by the presence of tryptose plus L-

alanine, L-alanine alone, or tryptose alone. A
comparison of media formulated with these
three components without and with added calci-
um lactate is presented in Fig. 5. In the media
without added calcium lactate, L-alanine sup-

ported the highest and tryptose supported the
lowest germination for buffer-treated spores of
strain 12885A. This trend was also generally true
for hypochlorite-treated spores of strain 12885A
in the media without calcium lactate. The data
on extent of germination, T c TA < A, indicate
that (i) the presence of tryptose or a component
of tryptose interfered with L-alanine germina-
tion; and (ii) if the L-alanine content of tryptose
were larger, tryptose would have supported
more germination of hypochlorite-treated and
non-hypochlorite-treated spores. As shown in
Fig. 4, when calcium lactate was present along
with L-alanine, buffer-treated and hypochlorite-
treated spores showed essentially equal extents
of germination in 2 h. These data illustrate the
importance of a combination of L-alanine plus
calcium lactate in permitting the germination of
hypochlorite-treated spores. They further dem-
onstrate the interference by tryptose or a tryp-
tose component(s) in the L-alanine germination
of the spores.
The concentrations of free and total amino

acids contributed by tryptose to the germination
media are presented in Table 3. The free alanine
concentration owing to tryptose in the media
was 1.85 mM, whereas 4.5 mM L-alanine was
added to the media. The total alanine concentra-
tion due to tryptose in the media was 6.28 mM.
Hydrogen peroxide. The effect of hydrogen

peroxide on the enumeration and germination of
C. botulinum 12885A spores was investigated
for comparison with the effect of hypochlorite.

Enumeration data for hydrogen peroxide-treated
spores are presented in Table 4. By both enu-
meration methods, the spore population re-
mained essentially constant, about 6 x 106
CFU/ml or 2 x 10 MPN/ml for H202 treatments
up to 5%, indicating that no inactivation resulted
from these levels of H202. Spores treated with
7% H202 were differentially recovered by the
two enumeration procedures. There was a dif-
ference of approximately 2.5 log cycles in the
results by the two procedures, and the PYEG
Lee tube results were higher than the MPN data.
Treatment with 10o H202 resulted in apparent
inactivation since the population recovered by
either procedure was much less (>3 log cycles)
than for spores treated with O%o H202.

Germination data for spores treated with
H202 or hypochlorite are presented for compari-
son in Fig. 6. Treatment of the spores with 7%
H202 resulted in 32 to 37% less germination in 2
h than treatment with 0 or 5% H202 in medium
AB+Z. In medium ABLX, the extent of germi-
nation was essentially equal despite H202 treat-

TABLE 3. Free and total amino acid concentrations
in germination media owing to tryptosea

Concn (mM)
Amino acid Freb

Alanine 1.85 6.28
Arginine 1.30 3.35
Aspartic acid 1.30 5.98
Carboxymethyl cysteine d
Cysteic acid
Cysteine (half cystine)
Glutamic acid 1.48 11.90
Glycine 1.17 8.89
Histidine 4.39' 1.44
Isoleucine 1.13 3.47
Leucine 4.86 7.15
Lysine - 4.84
Methioninef 1.49 0.36
Phenylalanine 2.52 3.02
Proline 7.79
Serine 2.07 4.64
Threonine 1.30 3.94
Tryptophan 5.74 :5.749
Tyrosine 2.30 3.28
Valine 2.09 5.56

a Based on amino acid analysis of tryptose and
presence of 1.8% tryptose in media.

b Based on amino acid analysis of tryptose compo-
nents not precipitated by sulfosalicylic acid.

c Based on amino acid analysis of tryptose hydroly-
sate.

d , None detected.
' Peak shifted, so positive identification as histidine

was not possible.
f Small peptides may have eluted with the free

methionine or some methionine may not have been
stable to hydrolysis.

8 Tryptophan was not stable to hydrolysis.
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TABLE 4. Enumeration of buffer-treated and
hydrogen peroxide-treated C. botulinum 12885A

spores
Log population

H202 concn
) Colony counts MPN procedure

(CFU/ml)a (MPN/ml)b
0 6.71 6.29 (5.93-6.57)
2 6.68 6.38 (5.97-6.62)
5 6.87 6.20 (5.73-6.54)
7 6.74 4.35 (3.83-4.59)
10 3.37 1.80 (1.38-2.23)

a PYEG Lee tube procedure; data represent dupli-
cate trials.

b MPCM five-tube MPN procedure; numbers in
parentheses show 95% confidence interval; data repre-
sent duplicate trials.

ment. Similar results have been described for
hypochlorite-treated spores and are presented in
Fig. 6 for comparison.

DISCUSSION

C. botulinum 12885A and 62A spores were
injured under these experimental conditions by
limited exposure to sodium hypochlorite. Expo-
sure of enzymatically cleaned spores to 12 or 28
,ug of AC per ml for 2 min at pH 7.0 and 25°C
resulted in sublethal damage or injury of spores
of strains 62A and 12885A. The injury was
manifested by a large consistent difference in
colony count (PYEG Lee tubes) versus MPN
enumeration of spores in MPCM; this difference
did not occur with non-hypochlorite-treated
spores. To the best of our knowledge, this is the
first report identifying sublethal hypochlorite
injury of bacterial spores. Scheusner et al. (27)
indicated that hypochlorite treatment causes
sublethal injury of vegetative cells; some 29 to
60% of treated Escherichia coli cells (109 cells
per ml) were injured by 1 ,ug of active hypochlo-
rite per ml (0°C, 60 s, pH 7.2). Several reports
have documented that spores of Clostridium
species are generally less resistant to chlorine
than are those of Bacillus species (19, 23).
Under our experimental conditions, C. botuli-

num 62A and 12885A spores were injured by 12
and 28 ,ug of AC per ml, respectively. The
damaging hypochlorite doses were 2.9 x 10-6 to
3.1 x 10-6 ,ug of available chlorine per spore for
strain 12885A and 2.7 x 10-6 ,g of available
chlorine per spore of strain 62A. These doses
were lower than those used by Ito et al. (20) to
inactivate C. botulinum spores. Ito and co-
workers (20) reported that 4.5 ,ug of AC per ml
(pH 6.5, 25°C) reduced 99.99% of types A and B
C. botulinum spore populations (104 spores per
ml) in 3 to 8 min. Their dose which inactivated
99.99% of the spores was 4.5 x 10-4 ,ug per

spore, with a longer exposure time and lower
pH. The AC per spore must be considered since
hypochlorite activity.is reduced by high organic
loads.

Germination responses of hypochlorite-treat-
ed C. botulinum 12885A spores were similar to
or different from those of buffer-treated spores
depending on the formulations of the media. The
germination response was a sensitive measure of
injury. C. botulinum 12885A spores treated with
12 ptg ofAC per ml germinated less than controls
in some media (TB+Z, ABCGZ, etc.) but not all
(ABLX); nevertheless, the spores were essen-
tially equivalently enumerated.
The rates and extents of germination in some

media were altered by hypochlorite treatment.
This has been observed with C. bifermentans, B.
cereus, and B. subtilis spores treated with chlo-
rine (32). Similar extents of germination at 2 h
for hypochlorite-treated and buffer-treated
spores occurred only in the medium containing
4.5 mM L-alanine, 12 mM sodium bicarbonate, 9
mM DL-calcium lactate, 100 mM Tris-hydro-
chloride buffer (pH 7.0), and 0.8 mM sodium
thiosulfate. An evaluation of the influences of
medium components on the germination of hy-
pochlorite-treated and buffer-treated spores in-
dicated that increasing the sodium bicarbonate
concentration or adding calcium lactate to the
medium resulted in a general increase in germi-
nation of the spores, whereas adding sodium
thioglycolate or cysteine hydrochloride, substi-
tuting Tris-hydrochloride for potassium phos-
phate buffer, or eliminating sodium thiosulfate
from the medium had a minimal effect on spore
germination. These findings are in general agree-
ment with other reports on germination require-
ments of Clostridium spores (2, 14, 17, 21, 33).
However, researchers have indicated that ions,
particularly potassium and phosphate ions, may
cause or enhance the germination of Clostridium

0
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FIG. 6. Extent of germination after 2 h of buffer-

treated, hydrogen peroxide-treated, and hypochlorite-
treated C. botulinum 12885A spores in AB+Z and
ABLX media (see Table 1). Data represent averages of
duplicate trials. Hydrogen peroxide concentrations for
hydrogen peroxide-treated spores, 0% (E), 5% (iii),
and 7% (U); AC concentrations for hypochlorite-
treated spores as in legend to Fig. 3.
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spores (F. E. Feeherry and H. S. Levinson,
Abstr. Annu. Meet. Am. Soc. Microbiol. 1981,
I10, p. 88; 3); nevertheless, our data did not
indicate enhanced germination owing to potassi-
um phosphate buffer.
The full possible extent of germination of the

hypochlorite-treated spores (an extent of germi-
nation at 2 h equivalent to that of spores treated
with 0 ,g of AC per ml) required both DL-
calcium lactate and L-alanine. Tryptose inhibit-
ed L-alanine germination of both buffer-treated
and hypochlorite-treated spores.
The free alanine concentration in tryptose-

containing media was 1.85 mM, less than one-
half the L-alanine concentration (4.5 mM) added
to the germination media. Other free amino
acids were present in similar concentrations,
and free amino acids such as glycine and L-
arginine can inhibit germination (12, 15). D-
Amino acids also are known to inhibit L-amino
acid-initiated germination (15). Rowley and Fee-
herry (26) screened 16 amino acids for their
effect on C. botulinum 62A germination. They
reported that only L-cysteine and L-alanine sig-
nificantly initiated germination in a medium con-
taining sodium bicarbonate, sodium thioglyco-
late, and the amino acid at pH 7.0. Inhibition of
germination owing to some of the free amino
acids in tryptose (35 mM total) was likely.
Increasing the free alanine concentration partial-
ly overcame the inhibitory effect of tryptose
(medium T versus TA; see Fig. 5), suggesting
that the inhibition may be competitive in nature.

Several explanations exist for the observed
germination requirement of hypochlorite-treated
spores for calcium lactate plus L-alanine. Calci-
um lactate may be a germinant, a precursor to a
germinant, or an enhancer of the ability of L-
alanine to germinate the spores by activator-
type activity. These questions are addressed
elsewhere in this journal (10, 11).
Because hypochlorite is a strong oxidizing

agent, the observed injury of the spores may
have been the result of indiscriminant oxidation.
Hydrogen peroxide, another oxidizing agent,
was selected for comparison. C. botulinum
12885A spores were sublethally damaged by
treatment with 7% H202, resulting in enumera-
tion and germination responses similar to those
of the hypochlorite-damaged spores. The similar
results obtained by treating spores with either
sodium hypochlorite or H202 suggest that these
observed effects were the result of a general
oxidation mechanism rather than being specific
to the chemical treatment. Others have reported
similar effects from the treatment of spores with
H202 and sodium hypochlorite (4, 31, 32), al-
though B. subtilis spores produced by different
procedures did not show the same relative
resistance to these two oxidizing agents (5).
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