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Sporulation and Heat Resistance
of Spores from a Clostridium sp. RKD
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ABSTRACT: A Clostridium sp. RKD isolated from the intestine of decaying fish, showing 99% sequence identity
with Clostridium tetani at a 16S rRNA level, produced a neurotoxin that was neutralized by botulinum antitoxin
(A+B+E). It also showed an amplification of near-expected size when polymerase chain reaction (PCR) was
performed using group- and type-specific primers for botulinum neurotoxin type B. The isolate exhibited differ-
ences with both C. tetani and Clostridium botulinum with respect to phenotypic characteristics and chemotaxo-
nomic markers. Spore production was optimized with respect to media composition and stage of growth. Time-
dependant examination of sporulation revealed 2.6% to 49.0% spores in the late stationary phase culture when
grown in different broth media. A simpler method for spore production and isolation from culture grown in
tryptose sulfite cycloserine (TSC)/anaerobic agar sandwich resulted in >95% sporulation, which could be
purified to near homogeneity by a simple 2-step procedure. Thermal resistance of spores revealed a biphasic
inactivation at lower temperatures with D values for linear inactivation varying from 26.6, 8.0, and 4.3 min at
70 °C, 80 °C, and 90 °C, respectively. The z values of 7.86 °C and 10.47 °C were obtained in the linear and tail
regions, respectively. The Weibull parameter b values at 70 °C, 80 °C, and 90 °C were 27.38, 3.55, and 0.99,
respectively, with a z’' value of 13.869 °C. The shape parameter n at 70 °C, 80 °C, and 90 °C were 0.63, 0.55, 0.45,
respectively. Spores produced on 2 different media (cooked meat medium [CMM] and trypticase peptone yeast-
extract glucose [TPYG] agar) exhibited differences in heat resistance. The addition of lysozyme (50 pg/mL)

before heat treatment resulted in increased thermal resistance of spores.
Keywords: Clostridium sp., botulinum neurotoxin, D value, z value, b value, n value, z’' value, spore stability,

thermal resistance, sporulation

Introduction
e phylogenetic analysis of genus Clostridium has shown that
this genus of spore-forming bacteria is very heterogeneous with
several deeply branching lineages, some of which also include non-
clostridial species (Collins and others 1994). Among clostridia, only
2 species, namely, Clostridium botulinum and Clostridium tetani, are
shown to produce neurotoxins. Botulinum neurotoxin (BoNT) is
produced by 6 physiologically and phylogenetically distinct groups
of clostridia (Hatheway 1992). Tetanus toxin (TeNT) is so far report-
ed to be produced by a single serotype of C. tetani (Haberman and
Dreyer 1986). The deadly nature of the diseases that these toxins
cause has ensured them considerable attention from the scientific
community.

There has been an upsurge of an entirely new branch of the food
industry catering to the demands of consumers for fresh-like min-
imally processed highly nutrition foods. To ensure extended shelf
life, a combination of minimal heat processing and a limited use of
preservatives are desirable with modern packaging technologies.
Unfortunately, the revolutionary processing methodologies prom-
ise convenience and health but pose serious hazards due to danger-
ous microorganisms possessing heat-resistant spores. Several spe-
cies of bacteria produce heat-resistant spores of which members of
the genera Bacillus and Clostridium are the prominent ones (Hyung
and others 1983; Fernandez and others 2001). Apart from their sig-
nificance in causing serious foodborne illness, clostridial neurotox-
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ins are the most important biological and toxin warfare (BTW)
agents because of their high toxicity. The negative publicity caused
by a botulism outbreak can severely damage the economics of the
growing food industry, especially in developing countries such as
India. Moreover, the epidemiology of foodborne infections is
changing with the newly emerging pathogens and well-known
pathogens becoming associated with the new food vehicles.

Heat resistance of spores and their ability to germinate within
minutes to form vegetative cells are of tremendous practical impor-
tance for the food-processing industry (Atrih and Foster 2001).
Spores in the dormant state are not hazardous; however, their ger-
mination, outgrowth, and proliferation could result in food spoilage
and/or toxin production, causing food poisoning. The spore cortex
peptidoglycan is involved in maintaining spore dormancy and heat
resistance (Ellaer 1978), and alteration in its usually conserved
structure correlates with reduced heat resistance. Other factors
affecting spore stability include core dehydration, mineralization,
and dipicolinic acid content (Paidhungat and others 2000).

Heat activation of clostridial spores has remained an elusive
phenomenon that can be affected by the composition of the sporu-
lation medium, the time and temperature of the heat treatment,
the length and temperature of plate incubation, and inter-strain
variation (Thomas 1981). Spore yield and properties have been
reported to vary with sporulation media (Hitchins and others 1972).

Heating remains the principal method of microbial inactivation,
even though other inactivation methods such as high pressure and
pulsed electric fields are on the rise. The now classical method of D
and z values, developed by Bigelow, Ball, and Stumbo (Stumbo
1973), is widely accepted and practiced. Its usefulness is clear from
a proven record in the canning industry. This method assumes 1st-
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order kinetics as a model to describe inactivation of microorgan-
isms. The 2 parameters Dy value or Decimal reduction times (min-
utes of heating at T temperature for the number of survivors to
drop 1 Log,, cycle) and z value (°C increase in the temperature of
treatment for Dy value to decrease 1 Log;, cycle) are the thermotol-
erance parameters commonly used for the calculation of process
times necessary to achieve sterility. Even though the use of D and
z values is widely practiced, it is striking to note that many survival
curves do not really seem to obey 1st-order kinetics. It has already
been noted because the introduction of the D-z concept that many
exceptions occur, in the form of so-called shoulders and/or tails in
the survival curves (Cerf 1977), but also downward and upward
concavity phenomena are frequently observed. The common ex-
planation is that the microbial population consists of several pop-
ulations, each with its own inactivation kinetics.

Several attempts have been made to cope with nonlinear surviv-
al curves. Among these are (pseudo) mechanistic models (Geer-
ared and others 2000). Another view to microbial inactivation has
recently been discussed in a series of articles (Peleg and Cole 1998,
2000; Peleg 1999, 2000a, 2000b; Peleg and Penchina 2000). It con-
siders lethal events as probabilities, rather than as deterministic.
The nonlinear curves can be perfectly explained by the Weibull
model, which is a flexible, yet simple model to describe heat inac-
tivation (Smith 1991). Several equations based on the Weibull dis-
tribution have been suggested to describe survival curves (Mafart
and others 2002; Van Boekel 2002, Hassani and others 2005; Peleg
and others 2005). The 2 Weibull parameters b and n, of which b is
called the scale parameter and n is called as the shape parameter,
are used extensively in reliability engineering to describe time to
failure in electronic and mechanical systems and is also appropri-
ate for the analysis of survival data, that is, time to failure after the
application of stress.

The effect of temperature, pH, and lysozyme on the heat resis-
tance of spores has been studied by several workers (Mazas and
others 1988; Fernandez and Peck 1999). Measured heat resistance
of spores of non-proteolytic C. botulinum has been reported to in-
crease by 2 orders of magnitude by the presence of hen egg white
lysozyme and other factors in the medium used for enumeration of
survivors. Lysozyme is able to induce germination of the subpop-
ulation (0.1% to 1%) of heat-damaged spores that posses permeable
coats (Fernandez and Peck 1999). These observations have in-
creased concerns regarding the safety of minimally heat-treated
foods in the food industry because lysozyme and other lytic en-
zymes are present in a number of foods.

We have isolated in our laboratory a Clostridium species, produc-
ing a neurotoxin, which was neutralized by botulinum antitoxin
(A+B+E) when tested by mouse protection bioassay (Dixit and oth-
ers 2005). Although the strain exhibited a close identity with C. fet-
ani at a 16S rRNA gene sequence level, it differed from both C. fetani
and C. botulinum when examined for morphological, biochemical,
and chemotaxonomic characteristics.

The aim of the present investigation is to study the sporulation
pattern of the isolate under different nutritional state conditions.
A simple method for production and purification of spores has
been optimized, and the resulting spores were studied with respect
to their thermal resistance.

Materials and Methods

Bacterial strain and culture conditions

A Clostridium sp. RKD isolated previously from decaying fish
sample was used for growth and sporulation studies. Cells were
grown in trypticase peptone yeast-extract glucose (TPYG) broth
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containing pancreatic digest of casein, 50 g; peptone, 5 g; yeast
extract, 20 g; glucose, 4 g; sodium thioglycollate, 1 g; NaCl, 2 g; sol-
uble starch, 1 g; cycloserine, 250 mg; sulphamethoxazole, 76 mg;
and trimethoprim, 4 mg/L (pH 7.5) at 37 °C. The culture was grown
anaerobically using 5% inoculum in serum vials containing 30 mL
medium with nitrogen and hydrogen as head space gases (80:20)
at 37 °C. The growth was observed by determining the absorbance
at 600 nm.

Media optimization for spore production

Spore production was optimized using the following broth media
(1) TPYG, (2) Duncan’s Strong medium (DS) containing yeast ex-
tract, 4 g; proteose peptone, 15 g; starch, 4 g; sodium thioglycollate,
1 g; Na,HPO,, 10 g/L (pH 7.5), (3) cooked meat medium (CMM)
containing peptone 10 g; Lab-lemco beef extract, 10 g; neutral heart
tissue, 30 g; NaCl, 5 g/L (pH 7.5), (4) reinforced clostridial medium
(RCM) containing yeast extract, 3 g; beef extract, 10 g; peptone, 10
g; dextrose, 5 g; soluble starch, 1 g; NaCl, 5 g; sodium acetate, 3 g;
cystein HCI, 5 g/L (pH 7.5), (5) anaerobic basal medium (ABM) con-
taining yeast extract, 1 g; NH,Cl, 1 g K,HPO, 0.3 g; KH,PO, 0.3 g;
Na(l, 0.6 g; CaCl,, 0.1 g; MgCl,, 0.2 g; KCl, 0.1 g; trace element solu-
tion 1.5 mL; resazurin, 1 mg/L (pH 7.5), (6) peptone-yeast extract
(PY) medium containing peptone, 5 g; tryptone, 5 g; yeast extract,
10 g; vitamin K, 1 pL; hemin, 0.5 g; cystein HCI, 0.5 g/L (pH 7.5); and
(7) Antarctic bacterium medium (AM) containing K,HPO, 2 g;
KH,PO, 1.5 g; yeast extract, 1 g, and tryptone, 1 g/L (pH 7.5). The
cells were grown anaerobically using 5% inoculum of exponentially
growing broth culture in serum vials containing 30 mL of medium
with nitrogen and hydrogen as head space gases (80:20) at 37 °C.
Cells were harvested every 24 h by centrifugation at 12000 x g for 10
min at 4 °C up to 10 d; the cell pellet was washed with saline (0.85%)
and resuspended in an equal volume of phosphate buffer saline.

The sporulation was examined under light microscope (Leica
Microsystems, Wetzlar, GmbH, Germany) after Gram staining. Enu-
meration of spores verses total cells was carried out using the image
analysis software (Leica) taking 5 different fields. Percent sporula-
tion was represented as the average value + standard deviation.
Chemicals used in the study were obtained from Sigma-Aldrich
(Mumbai, India) and Hi-Media (Mumbai, India) and were of re-
agent grade.

Preparation of spore crops

A modification of the biphasic spore production method of
Bruch and Others (1968) was used to prepare the spore crops. The
agar phase consisted of 250 g of ground defatted beef heart, 5 g of
peptone, 5 g of tryptone; 5 g of gelatin, 10 g of agar, and 500 mL of
distilled water (pH 7.5). This was dispensed in 250-mL anaerobic
bottles under constant flow of oxygen free nitrogen (N,:H,, 80:20)
using gassing manifold and autoclaved at 121 °C for 20 min. The
liquid phase of the biphasic medium consisted of 50 g of tryptone,
5 g of peptone, 2 g of dextrose, 2 g of starch, 0.5 g of cysteine HCl,
and 1 L of distilled water (pH 7.5). The broth was autoclaved for 20
min at 121 °C. After cooling, the broth was placed in the anaerobic
chamber, and 250 mL was aseptically added to each bottle contain-
ing agar phase. The biphasic system was placed at 37 °C for 2 d to
check for possible contamination. Inoculum was prepared by grow-
ing cells anaerobically in the liquid phase at 37 °C for 2 d. The bi-
phasic media was inoculated with freshly grown culture (5% v/v)
and incubated anaerobically at 37 °C. Sporulation was examined
every 24 h up to 8 d. A simple method of spore crop preparation was
optimized by growing cells at the interface of TSC agar (oxoid) and
anaerobic agar medium. TSC agar contained tryptose, 15 g; papaic
digest of soyabean meal, 5 g; beef extract, 5 g; yeast extract, 5 g;
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sodium metabisulfite, 1 g; ferric ammonium citrate, 1 g; agar, 15 g/
L. Twenty 5 mL of media was dispensed anaerobically into 60-mL
serum vials and after autoclaving at 121 °C for 20 min and keptin a
slanting position. After solidification, the 0.1 mL of freshly grown
culture was evenly spread on the agar surface, which was then
overlaid with 5 mL of anaerobic agar medium containing pancreatic
digest of casein, 17.5 g; glucose, 10 g; papaic digest of soyabean
meal, 2.5 g; NaCl, 2.5 g; sodium thioglycollate, 2.0 g; sodium form-
aldehyde sulfoxylate, 1.0 g; cystein HCI, 0.4 g; methylene blue, 0.002
g; agar, 10 g/L. It was incubated at 37 °C and sporulation was exam-
ined every 24 h up to 8 d. Optimal sporulation (95%) was observed
after 4 d, which was selected for spore harvesting for all subsequent
spore crop preparations. The experiments for optimization of spore
preparation were repeated twice, and the mean values are reflect-
ed in the results. Spores were harvested after removing the overlay
in an anaerobic workstation (Don Whitley, Bradford, U.K.), washed
with anaerobic saline, and finally resuspended in 10 mL of distilled
water. The spore suspension was heated at 60 °C for 30 min and
washed twice with anaerobic saline by centrifugation at 12000 x g
for 20 min. Sedimented spores were finally resuspended in saline
in an anaerobic cabinet at a concentration of 108 spores/mL and
stored at -20 °C in 1-mL aliquots in 5-mL thin-walled glass ampoules
(Borosil, Mumbai, India). Spores in the prepared crop were enumer-
ated using the most probable number (MPN) technique, and the
number of viable spores in the original sample was calculated (Hur-
ley and Roscoe 1983).

Heat resistance measurements

Glass ampoules containing 1 mL spore suspension (108 spores/
mL) was placed rapidly in a large water bath (Lauda Dr. R. Wobser,
GmbH and Co. KG, Germany) set at desired temperature (70 °C,
80 °C, 90 °C, or 100 °C), and the temperature of the bath was mon-
itored with a precision mercury-in-glass thermometer. Three un-
inoculated ampoules containing 1 mL of saline were used to deter-
mine the come-up-time at 70 °C, 80 °C, and 90 °C. The temperature
of saline inside the ampoule was monitored using a previously cal-
ibrated copper-copper-nickel thermocouple (EC Electronics Corp.,,
Hyderabad, India). The temperature was recorded to the nearest
0.1 °C at every 6 s until it reached the desired temperature. A come-
up time of approximately 16 s, 22 s, and 28 s was observed for 90 °C,
80 °C, and 70 °C, respectively. The heat-treatment time for the ac-
tual experiments was recorded after the lapse of come-up times at
respective temperatures. After different time intervals, 1 aliquot
was removed and plunged into a deep ice bath and 0.1 mL of sus-
pension from the aliquot was diluted in 0.9 mL ice cold sterile anaer-
obic saline (0.85% wt/vol). Ten-fold serial dilutions were made into
sterile anaerobic saline, and enumeration of survivors was done as
previously described (Fernandez and Peck 1999). In brief, 5 repli-
cates of 30-mL serum vials containing anaerobically prepared 15 mL
of TPYG medium (pH 7.5) were used per dilution, and 4 dilution se-
ries were prepared for each sample. Growth was examined by vis-
ible turbidity and production of gas at every 2-d interval. From the
number of vials that showed growth, the most probable number
(MPN) of viable spores in the original sample was calculated. Enu-
meration of viable spores in unheated controls was also carried out
to establish the initial spore number per vial.

The spores were further prepared using CMM and TPYG medi-
um containing 1.5% agar by the method described previously. After
7 d of incubation at 37 °C, the spores were purified as described
previously and evaluated for their heat resistance at 80 °C. Spores
(approximately 108/mL) prepared from the 2 media were exposed
to heat in the absence and presence of lysozyme at a final concen-
tration of 50 wg/mL. Viable spores before and after 10, 20, 30, and 60
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min of heat exposure were enumerated by the MPN method using
TPYG medium as described previously.

Preparation of lysozyme and addition to the medium

On the day before inoculation, sterile lysozyme (L-6876, lyo-
philized powder from chicken egg white, 50000 units/mg of protein,
Sigma) was added to the TPYG medium for the enumeration of the
samples heat-treated in the presence of lysozyme. A solution of 5
mg lysozyme/mL was made in distilled water prepared under N,
and sterilized by filtration (0.22 wm, Millipore Millex GV filter, Mil-
lipore Pvt. Ltd., New Delhi, India) and was added to each vial to
give a final concentration of 50 p.g/mL.

Thermotolerance parameters

The traditional model based on the 1st-order kinetic was used to
describe survival curves. Dy values were calculated from the slope
of the linear as well as tailed regions of the survival curves at 70 °C,
80 °C, and 90 °C. z values were calculated from the slope of the
curves obtained by plotting the Log,, D1 compared with their cor-
responding heating temperatures (Lynt and others 1983; Chai and
Liang 1992). Correlation coefficients (r2) at 95% confidence inter-
vals were calculated with the appropriate statistical package (Excel
5.0, Microsoft, Seattle, Wash., U.S.A.).

Survival curves were also analyzed by a model based on the
Weibull distribution. For this investigation, we used the equation
proposed by Mafart and others (2002):

Log S(t) =—(t/b)n

where S(t) is the survival fraction at time t; t is the treatment time;
and b and n are 2 characteristic parameters of the Weibull distribu-
tion. The b value in this case represents time to reduce the survival
population in 1 Log cycle (as the traditional D) and is dependent
on the n value. For kinetic analysis of the data, the solver tool in
Excel, capable of solving the fitting of experimental data to nonlin-
ear functions under the principle of least-squares curve fitting, was
used (Harris 1998).

z' values (°C increase in the temperature of treatment for b val-
ue to decrease 1 Log;, cycle) were calculated from the slope of the
curves obtained by plotting the Log;, b versus their corresponding
heating temperature.

Determination of spore magnesium content

Spore minerals were extracted for assay as previously reported
(Bender and Marquuis 1985) with modifications made by Atrih and
Foster (2001). Briefly, 10 mg of spores (wet wt of packed cells) were
1st autoclaved for 20 min at 120 °C. The spore suspensions were
then hydrolyzed by adding an equal volume of 12 mol/L HCL. After
incubation for 3 h at 60 °C, the samples were left at room tempera-
ture overnight. The spore suspensions were centrifuged at 10000 x
gfor 10 min at 4 °C, and the magnesium contents of the superna-
tant fluids were assayed by atomic absorption spectrometry (A
Analyst 100, Perkin Elmer, Perkin-Elmer, Mass., U.S.A.).

Results and Discussion
n obligate anaerobe of Clostridium species (strain RKD) has
been previously isolated on CBI agar from decaying fish sam-
ple by the enrichment method described earlier (Dhaked and oth-
ers 2003). The phylogenetic analysis based on 16S rRNA gene se-
quence (EMBL accession number AJ579909) indicated that the
bacterium RKD is closely related to the genus Clostridium. The clos-
est relative appeared to be C. tetani with a similarity of 99% (Dixit
and others 2005). Although the bacterium shared a high genetic
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similarity with C. tetani, it had differences with both C. botulinum
and C. tetani at morphological and biochemical levels. The neuro-
toxin appeared to be botulinum-like, as indicated by neutralization
with botulinum antitoxin (A+B+E), which provided protection to the
animal. It was further supplemented by PCR amplification using
BoNT/B specific primers generating an amplicon of nearly 700 bp
(Dixit and others 2005). However, when subjected to single-pass
sequencing, the amplicon did not correspond to toxin gene and
showed no significant match in the database when subjected to
BLAST search (EMBL accession number AJ635356). It is extremely
important to ensure the safety of foods, especially with respect to
toxigenic, spore-forming clostridial species, because its growth re-
sults in the production of an extremely powerful neurotoxin capable
of causing serious illness or death. It becomes all the more vital to
do so when a novel bacterial strain producing neurotoxin is isolated.
Hence, the spores produced by the strain RKD warrants investiga-
tion with respect to their thermal resistance and production under
various nutritional states expected to be related to food processing
and subsequent storage.

Strain RKD produced spores after the onset of stationary phase,
irrespective of the growth medium. Sporulation by the bacterium
on different broth media is shown in Figure 1. Maximum spores
were obtained when cells were grown in CMM followed by DS show-
ing 50% and 28% sporulation, respectively. Very little sporulation
was observed when cells were grown in PY, AM, and ABM media.
The morphology of vegetative cells was also affected by the media
and stage of growth (Figure 2) and varied from long straight rods in
chains (AM) to more stout, shorter rods (CMM). Sporulation of C.
botulinum strains have been reported to be poor in broth media,
and a biphasic method using a lower complex agar phase and upper
protein-rich medium in liquid phase was reported earlier (Bruch
and others 1968). Our attempts to promote sporulation using the
same method did not yield sufficient sporulation. A maximum av-
erage yield of 20% was obtained after 8 d of incubation in this bi-
phasic medium. A simpler method was optimized using commer-
cially available TSC and anaerobic agar as described in the
“Materials and Methods” section. The spores grown on the inter-
face of the 2 media could be easily scraped from the serum vial. The
spore count increased with time and reached a maximum after 4 d
of incubation. The percent sporulation increased from 10% to 95%
from the 1st to 4th d, after which it marginally declined.

Heat-resistance studies at different temperatures were carried
out using purified spores generated on a TSC/anaerobic agar inter-
face. Measured inactivation of high-density spore population at
80 °C and 90 °C gave rise to tailed survivor curves (Figure 3). D val-
ues were assigned to the overall inactivation at 70 °C and for the 2
distinct linear inactivation rates in the biphasic thermal destruction
curves obtained for spores treated at 80 °C and 90 °C. When ana-
lyzed by using complete survivor curves, the death kinetics re-
vealed a trend toward greater linearity as the temperature de-
creased. The biphasic nature of the survivor curves at higher
temperature suggests heterogeneity in the thermal resistance of
the spore populations. The z values for the 2 death rates were de-
rived from plots of the log,;, D values versus temperature. The ini-
tial linear inactivation gave a z value of 7.86 °C, and the tailing re-
gion exhibited a z value of 10.47 °C. The z values reported for
non-proteolytic C. botulinum spores heated in various media are
typically about 6 °C to 9°C, but z values of about 4 °C to 5 °C (Lynt
and others 1983) to as high as 16.5 °C have also been reported (Scott
and Bernard 1982). The correlation coefficients for D values in initial
linear inactivation varied from 0.956 at 90 °C to 0.998 at 80 °C,
whereas the values for tail regions varied from 0.884 at 90 °C to
0.921 at 80 °C (Table 1). Similar tailed thermal destruction curves for
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Table 1—Calculated D values for linear and tail regions of
survival curves

Temperature Linear D Linear D Tail D Tail D
(°C)2 value (min)® r2value value (min)® r2value
90 4.3 0.956 9.5 0.884
80 8.0 0.998 20.0 0.921
70 26.6 0.978 26.6 0.966

aTemperature +0.05 °C.
bThe Z value for the linear D data is 7.86 °C gz = 0.970).
CThe Z value for the tail D data is 10.48 °C (r¢ = 0.933).

clostridial spores have also been reported earlier by other workers
(Smelt and Raatjes 1980), giving a similar explanation of mere ge-
netic heterogeneity among the spore population, with a small sub-
population being more heat-resistant than the rest of the spores.
The flocculation during the course of heating has been reported as
potential source of experimental artifact (Stumbo 1973). This was
not a factor in this study because wet microscopic mounts of cell
inocula and samples collected from heat challenges over the range
of temperatures showed no aggregation.

The model based on the Weibull distribution also accurately de-
scribed survival curves corresponding to the inactivation of the
spores of Clostridium sp. RKD. The b and n values obtained by fitting
this model to survival curves are shown in Table 2. The n values were
in all cases lower than 1, indicating that all survival curves were con-
cave upward. Experimental values were compared with the estimat-
ed values obtained by this model, indicating this model prediction
was a good fit to the measured data (Figure 4a, 4b, 4c). The b and n
values showed a linear relationship with temperature (Figure 5 and
6), suggesting that the temperature influenced both these parame-
ters. From the slope of the curve drawn between Log,, b values and
temperature, it was possible to calculate a parameter z’ (similar to the
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Figure 1—Optimization of sporulation media for Clostridium
sp. RKD.
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Table 2—b and n values estimated from the 1st fit of the
model based on the Weibull distribution to experimental
data of heat-treated spores of Clostridium sp. RKD at
70 °C, 80 °C, and 90 °C?

T(C)® b (min) (CL 95%)  n° (CL 95%) 2 RMSE
70 27.38 (26.18-28.58) 0.63 (0.58-0.68) 0.99 0.034
80 3.55 (1.70-5.40)  0.55 (0.44-0.67) 0.96 0.275
90 0.99 (0.25-1.74)  0.45 (0.36-0.54) 0.96 0.325

aCL = Confidence Limit; RMSE = Root Mean Square Error.
bTemperature, +0.05 °C.
CThe z' value is 13.869 °C (r2 = 0.9826).

z value calculated from the traditional 1st-order kinetic model) using
the following equation (Van Boekel 2002):

Logb=a;-b,T
z' =-1/bl

Two quite different z values were derived from the linear and
tailed region of the survival curve drawn by the 1st-order kinetic
model (Table 1), whereas z’ (Table 2) takes the complete curve into
account. Here the shape parameter n did depend significantly on
temperature (Figure 6).

Low value of the shape parameter (n < 1) again supports the
finding that the sensitive spore populations are killed almost in-
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erine (TSC) agar

stantaneously, whereas the remaining spore populations have less
probability of dying, indicating that the remaining spores are the
sturdy ones, perhaps adapting to stress or due to heat shock-in-
duced thermotolerance (Baranyi and others 1996; Marechal and
others 1999). In an investigation carried out by Van Boekel (2002)
analyzing the survival curves for heat treatment of vegetative cells
of various microorganisms, it was concluded that the shape param-
eter was larger than 1 in most cases, which indicates that the micro-
organisms become increasingly susceptible to heat damage with
prolonged heating times. However, there were few notable excep-
tions in which the shape parameter is <1, suggesting that growth
conditions and the composition of the heating menstruum can
have a large effect on the actual behavior of a microorganism. Pe-
leg and others (2005) have reported the n and k values for C. botu-
linum spores at 102 °C heat treatment has been 0.35 °C and 0.31 °C
-1, and no other reports of such kind are available for either C. terani
or other Clostridial strains.
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Figure 3—Thermal destruction of spores of Clostridium sp.
RKD heated at 70 °C, 80 °C, and 90 °C
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The variations in the morphology of cells grown on different
media prompted us to examine whether the spores generated on
them varied in their thermal resistance. Two media showing distinct
cell morphology (TPYG and CMM) were selected for this purpose.
Heat challenge at 80 °C revealed a D value of 9.2 min for spores
produced on TPYG agar and 7.8 min for those from CMM agar. The
overall inactivation was more linear when heat treatment was given
and survivors were enumerated in the presence of lysozyme. There
was apparent increase in thermal resistance in the presence of
lysozyme in both the cases with D values of 15.2 min and 13.9 min
for spores prepared from TPYG and CMM agar, respectively. The
role of lysozyme in promoting germination of heat-damaged spores
has been well documented, and hydrolysis of peptidoglycan in the
lysozyme-permeable spore cortex has been proposed for this effect
(Peck and others 1993). An increase in the thermal resistance for C.
botulinum type E spores in the presence of lysozyme in the recov-
ery medium has been reported with D values of 48.3, 12.6, and 3.17
min at 85 °C, 90 °C, and 95 °C, respectively (Lindstorm and others
2003). The wide spread occurrence of lysozyme or other lytic en-
zymes in food of all types (Proctor and Cunningham 1988; String-
er and Peck 1996) makes it essential from a safety point of view to
consider the effect of lysozyme on the thermal resistance of spores.
Environmental conditions during sporulation have been shown to
have a dramatic effect on the final heat resistance properties of
dormant spores (Slepecky and Foster 1959). Varying media compo-
sition for spore production of Bacillus subtilis resulted in alteration
in the structure of spore cortex, spore composition, and resistance
properties (Atrih and Foster 2001). Bacterial spores accumulate
minerals, which contribute to spore stability and heat resistance.
The combination of peptidoglycan defects with low protoplast den-
sity has been proposed to explain the instability of spores after
their release. Furthermore, spores prepared in the 2 different me-
dia differed in their magnesium content. Spores formed on TPYG
medium accumulated a lower level of magnesium (1.3 + 0.11 pg /
mg of spores) when compared with those from CMM medium (3.8
+0.14 pg /mg). The presence of salts at high concentrations in the
sporulation medium has been suggested to contribute to spore
resistance when media supplemented with (CCY) salts were used
(Atrih and Foster 2001). The CCY salts contain the following:
MgCl,.6H,0 (0.5 mM), MnCl,.4H,0 (0.01 mM), FeCl;.6H,0 (0.05
mM), ZnCl, (0.05 mM), and CaCl,.6H,0 (0.2 mM). Our observation
of preferential accumulation of magnesium in spores grown in
CMM and TPYG without any salt supplement is interesting.

A number of guidelines and recommendations for the safe pro-
duction of minimally processed foods have been made. Processing,
formulation, and storage of refrigerated processed foods of extend-

ed durability (REPFEDs), including vacuum-packaged dairy and
meat products, takes into consideration the D and z values for tox-
igenic clostridia. Such data with respect to spores of proteolytic and
non-proteolytic C. botulinum strains are available through sever-
al investigations (Lindstrom and others 2003) in which the effect of
heating media and the presence of lysozyme in the recovery medi-
um have been studied. But data in terms of b, n, and z’ values for
different clostridial strains are still scanty. Thermo stability data of
the spores produced by Clostridium sp. RKD provide the necessary
time-temperature treatment to pasteurize or sterilize foods with
respect to this particular strain of neurotoxigenic Clostridium sp.

Conclusions

The neurotoxigenic Clostridium sp. RKD exhibited differences in

the morphology of cells and extent of sporulation when grown
in different broth media. Sporulation efficiency dramatically in-
creased when culture was grown on the interface of the 2 anaerobic
agar media. The survival curves showed upward concavity, indicat-
ing the presence of 2 spore populations with different thermal re-
sistance. The heat-resistance parameters such as D values, z values,
and the Weibull parameters b, n, and z’ indicated that the strain
produces heat-resistant spores and remains at the margin of safety.
There is a need for analyzing spores from other clostridial species
using the Weibull model to make meaningful comparisons of their
resistance properties. The studies indicate that accumulation of
minerals, without addition of extra salts in the media, can take
place and perhaps modulate heat-resistance properties of the
spores. The heterogeneity of spores of this extremely neurotoxigenic
strain, with respect to thermal resistance within the species, war-
rants reevaluation of the food-safety parameters, keeping in mind
the emerging newer strains producing potent toxins.
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