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The heat resistance and ultrastructural features of spore suspensions prepared
from Clostridium thermocellum LQRI, Clostridium thermosulfurogenes 4B, and
Clostridium thermohydrosulfuricum 39E were compared as a function of decimal
reduction time. The decimal reduction times at 121°C for strains LQRI, 4B, and
39E were 0.5, 2.5, and 11 min. The higher degree of spore heat resistance was
associated with a spore architecture displaying a thicker cortex layer. Heat
resistance of these spores was proportional to the ratio of spore cortex volume to
cytoplasmic volume. These ratios for spores of strains LQRI, 4B, and 39E were
1.4, 1.6, and 6.6, respectively. The extreme heat resistance and autoclavable
nature of C. thermohydrosulfuricum spores under routine sterilization procedures
is suggested as a common cause of laboratory contamination with pure cultures of
thermophilic, saccharide-fermenting anaerobes.

The cellular basis for the extreme heat resist-
ance of bacterial endospores remains an active
research topic, principally in the genus Bacillus.
Previous studies by Murrell and Warth (13) on
the mechanism of spore heat resistance reported
that Bacillus spores which developed in the
presence of cycloserine had normal dipicolinic
acid contents but lacked cortex development
and were not thermally stable. Millet and Ryter
(11) showed that Bacillus sporulation mutants
blocked in cortex formation were not heat sta-
ble. Gould and Dring (5) proposed that the
cortex of an endospore functioned as an osmo-
regulatory organelle and conferred heat resist-
ance by prevention of cytoplasmic dehydration.
Recently, Beaman et. al. (2) examined five types
of Bacillus spores and reported that an exponen-
tial increase in the heat resistance correlated
directly with the wet density and inversely with
the water content and with the cytoplasm/cyto-
plasm plus cortex volume ratio.
Less attention has been directed toward un-

derstanding the heat resistance of endospores
formed by thermophilic bacteria. Previously,
Warth (18) demonstrated that spores from ther-
mophilic bacteria were more heat resistant than
those from mesophilic or psychrophilic species.
Problems associated with extreme heat resist-
ance of spores from thermophilic anaerobes
(e.g., Clostridium thermosaccharolyticum) have
been reported in the canned food industry (22).
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Recently, Donelly and Basta (4) showed that
Desulfotomaculum nigrificans, a thermophilic,
sulfate-reducing bacterium, produced spores of
unusually high heat resistance with a decimal
reduction time (D) at 121°C of 5.6 min. This
value was higher than that indicated for the
aerobic sporeforming thermophile, Bacillus
stearothermophilus (1, 4).
During the past 8 years, our laboratory has

been examining the metabolic properties of dif-
ferent thermophilic bacterial species that trans-
form polysaccharides to ethanol (14, 25). In the
past 4 years, our laboratory cultures have been
routinely contaminated despite cautious use of
rigorous asceptic cultural techniques. Unknow-
ingly, we have sent to other investigators Clos-
tridium thermocellum cultures that were con-
taminated by pentose-fermenting species. Also,
upon receipt of nonsporeforming, thermophilic,
ethanol-producing bacteria (3, 20, 24) from other
investigators or major culture collections, we
have routinely noted the presence of contami-
nating spores even after modification of our
medium autoclaving procedures. These prob-
lems led us to examine whether spores of ther-
mophilic anaerobes could withstand normal
autoclaving procedures. In view of these facts,
the present research report was directed toward
comparing the heat resistance and ultrastructur-
al features of three thermophilic ethanologenic
species: C. thermocellum LQRI (9), Clostridium
thermohydrosulfuricum 39E (23), and Clostridi-
um thermosulfurogenes 4B (16a). The data show
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that spore suspensions of C. thermohydrosulfur-
icum can easily withstand normal 15 to 20 min
autoclaving and that the extreme thermal resist-
ance of thermophilic anaerobic spores correlates
with the ratio of spore cortex volume to spore
cytoplasmic volume.

MATERIALS AND METHODS

Organisms and growth conditions. C. thermocellum
(9), C. thermosulfurogenes (16a), and C. thermnohydro-
sulfuricum (23) were routinely cultured using anaero-
bic procedures described previously (23) but with a
medium autoclaving time of 45 min at 121°C. Cultures
were maintained in Bellco anaerobic pressure tubes
(18 by 142 mm; Bellco Glass, Inc., Vineland, N.J.) that
contained 10 ml of medium and an N2-CO2 (95:5) gas
headspace and which were closed with a pressure
bung and metal serum crimp seal.

For preparation of spore suspensions with either C.
thermohydrosulfulricum or C. thermosulfurogenes, the
organisms were grown on a low-phosphate-buffered
basal medium (LPBB medium [24]) containing 0.05%
yeast extract, 0.2% xylose, and 1.0% 4-morpholine-
propanesulfonic acid (MOPS) for 3 days, and the final
culture broth served as the spore suspension. C.
thermocellum was grown on CM3-3 medium with 0.3%
yeast extract and 0.5% cellobiose. CM3-3 medium was
modified from that reported by Petre et. al. (15) and
contained (per liter): KH2PO4, 1.5 g; K2HPO4 - 3H2O,
2.2 g; (NH4)2SO4, 1.3 g; MgCI2 * 6H20, 0.1 g;
CaCl, * 2H2O, 0.01 g; FeSO4 * 7H2O, 0.0025 g; 0.2%
resazurin, 1 ml, 10% NaHCO3, 50 ml; 2.5% cysteine
* HCI, 20 ml; and vitamin solution, 20 ml. NaHCO3
and cysteine * HCl solutions were added separately
after sterilization, and vitamin solution was added
after filter sterilization. The vitamin solution contained
(per liter of distilled water): thiamine * HCI, 25 mg;
pyridoxine * HCL, 25 mg; pyridoxamine HCl, 25 mg;
pyridoxal * HCl, 25 mg; calcium panthotenate, 25 mg;
riboflavin, 25 mg; nicotinic acid, 25 mg; lipoic acid, 25
mg; p-aminobenzoate, 1 mg; folic acid, 1 mg; biotin,
0.1 mg; vitamin B12, 0.1 mg.

Electron microscopy. The 3-day-old sporulating cul-
tures were fixed with osmium tetroxide according to
the method of Ryter and Kellenberger (16). After
prefixation, the bacterial suspensions were centri-
fuged, concentrated in agar (19), and then fixed over-
night in osmium tetroxide. The cells were postfixed
with uranyl acetate and then dehydrated in acetone
and embedded in Epon. Thin sections were stained for
3 min with lead citrate and examined in a Siemens
electron microscope.

Determination of spore cortex to cytoplasmic volume.
Both spore cortex and cytoplasm volumes were mea-
sured from representative electron micrographs of
mature spores. The dimensions of the individual ma-
ture spores examined did not vary more than ±+-5% for
growth in four separate thin sections of each species.
The volumes of spore cortex plus cytoplasm and

cytoplasm were calculated by the equations 4/3 Iry3 for
the spherical spores (i.e., strains 4B and 39E) and 4/3 IT
a2b for the oval spores, where -y is the radius, a is the
radius of the short axis, and b is the radius of the long
axis. Therefore, the cortex volume was calculated by

subtracting the volume of cytoplasm from the volume
of spore cortex plus cytoplasm.
Heat resistance. The spore suspensions (i.e., cultural

fluid) of each organism were adjusted to pH 7.0 with 1
N NaOH, and 2-ml samples were distributed into
sterile, N2-gassed, anaerobic pressure tubes. The
tubes were then heated at the indicated times and
temperatures in an oil bath. Control tubes with an
inserted thermometer were used for lag time correc-
tions. After being heated at the desired temperature,
tubes were withdrawn at given time intervals and
cooled on ice, and samples were diluted into LPBB
medium. For cell survivor counts, the diluted samples
were plated in an anaerobic chamber (Coy Products,
East Lansing, Mich.) onto either LPBB medium con-
taining 0.1% yeast extract, 0.5% xylose, and 2.5% agar
for C. thermohydrosulfuricum and C. therinosulfuro-
genes or onto CM3-3 medium containing 0.1% yeast
extract, 0.5% cellobiose, and 2.5% agar for C. thermno-
cellum. The number of survivors was determined by
the average of duplicate plate count experiments.
The death rate constant (k) and D were calculated by

the methods of Aiba and Humphrey (1), with In N/NO
= -kt and D = 2.303/k, where N is the number of
survivors, No is the number of survivors at zero time,
and t is time. Activation energy (E) was obtained from
the logarithmic plot of the Arrhenius equation, K = a'
eEi RT, where a' is the empirical constant, R is the gas
constant, and T is the absolute temperature.

RESULTS
Figure 1 illustrates the representative ultra-

structural features of C. thermocelllum spores.
Developing sporangia were distinctly swollen.
Mature spores were oval shaped and contained a
well-formed, electron-transparent cortex and
electron-dense wall coat layers. Less than 20%
of the cells examined contained spores, and
numerous abortive spores were detected which
displayed architectural features distinct from
mature spores (e.g., lack of a cortex or defined
spore coat layers). The average ratio of spore
cortex volume to cytoplasmic volume was 1.4.

Figure 2 shows the ultrastructural features of
C. thermosulfurogenes spores. Less than 10% of
the cells examined contained spores, and both
abortive and mature spores were observed. De-
veloping sporangia were distinctly swollen. Ma-
ture spores were spherical and contained a well-
defined cortex and a large cytoplasm. The
average ratio of spore cortex volume to spore
cytoplasm volume was 1.6.

Figure 3 shows the representative ultrastruc-
tural features of C. thermohydrosulfuricum
spores. Less than 20% of the cell culture exam-
ined contained mature and abortive spores. De-
veloping sporangia were not distinctively swol-
len. Mature spores were spherical and contained
a very thick cortex but a small cytoplasm. The
average ratio of spore cortex volume to cyto-
plasm volume was 6.6.

Figures 4, 5, and 6 compare the thermal
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FIG. 1. Electron micrograph of thin sections of C. thermocellum prepared from a sporulated culture. Both
mature spores (MS) and abortive spores (AS) are shown by arrows. Magnification: 40,000x.

survivor curves and the thermal death rate plots
of spore suspensions from C. thermohydrosul-
furicum, C. thermosulfurogenes, and C. thermo-
cellum. The thermal survivor curves were bipha-
sic at lower temperatures for all spores,
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indicating the presence of abortive, non-heat-
resistant spores which were viable in the total
spore population. k and D values were obtained
from the latter linear phases. Vegetative cells of
C. thermohydrosulfuricum were too heat sensi-
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FIG. 2. Electron photomicrographs of thin sections of C. thermosulfurogenes prepared from a sporulated
culture. Both mature spores (MS) and abortive spores (AS) are shown by arrows. Magnification: 38,OOOx.
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FIG. 3. Electron micrograph of thin sections of C. thermohydrosulfiuricium prepared from a sporulated
culture. Both mature spores (MS) and abortive spores (AS) are shown by arrows. Magnification: 30,OOOX.

tive to measure death rates at temperatures
higher than 85°C. Vegetative cells of C. thermo-
sulfurogenes and C. thermocelllum were even
more heat sensitive, and cells were all (-107
cells per ml) killed by a 3-min heat treatment at
750C.

Spores of C. thermohydrosiulfuricum survived
heating at 132 and 121°C for short periods and
were extremely heat resistant below 121°C (Fig.
4). The calculated thermal activation energy was
ca. 213.4 kJ/g mol. Spores of C. thermosulfuiro-
genes were considerably less heat resistant at
115 and 1100C (Fig. 5). Their calculated thermal
activation energy was ca. 324.3 kJ/g mol. Spores
of C. thermocellum were the most readily inacti-
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vated by high temperature (Fig. 6) and displayed
a thermal activation energy of ca. 364.4 kJ/g
mol.

DISCUSSION
Table 1 compares published values for spore

heat resistance as a function of D with those
from the thermophilic, anaerobic species exam-
ined here. It is quite remarkable that spores of
C. thermohydrosulfiuriclum displayed a D value
at 121°C of 11 min, as compared with the value
of 3 min for B. stearothermophilus spores,
which are commonly used as the standard to
judge autoclaving procedures for materials used
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FIG. 4. Thermal resistance of C. thermohydrosulfuricewn spore sutspensionis.
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FIG. 5. Thermal resistance of C. th

in microbial cultural work. The autoclavable
nature of C. thermohydrosiulfiuricium spores is
regarded as an important cause of frequent labo-
ratory contamination in saccharide-fermenting
thermophilic, anaerobic bacterial cultures. The
extreme heat resistance of these thermophilic
spores suggests that investigators should be
more cautious in preparation of cultural materi-
als to maintain pure cultures of thermophilic
bacteria. In addition to the thermophilic hetero-
trophic sporeformers examined here, lithotro-
phic species that ferment H2-CO) have also been
described (7, 21). Thus, one should also be wary
of contamination by sporeformers during auto-
trophic cultivation of thermophilic species such
as Methanobacterium thermoaiutotrophicum
(26). A minimum autoclaving time of 30 min at
121°C is suggested for preparation of cultural
materials to grow thermophilic bacteria.
The ultrastructural and heat-resistance data

presented here support the current functional
role for the spore cortex as the major determin-
ing factor in the heat stability of endospores (5,
13). The differences in heat stability of spores
from thermophilic anaerobes were directly relat-
ed to the thickness of the cortex and inversely
related to the cytoplasm/cytoplasm plus cortex

0

A

z

0, 2

-2

0

a.~~~~~~~~~~~~~Iil

00025 00026 00027

TEMPERATURE (I/KS

Xermosuffiurogenes spore suspensions.

volume ratio (2). Thus, C. thermohydrosulfuri-
cium spores were the most heat resistant and
displayed a higher ratio of cortex volume to
cytoplasmic volume. On the other hand, C.
thermocellum spores were the least heat resis-
tant and displayed a lower ratio of cortex vol-
ume to cytoplasmic volume. Other investigators
(5, 13) suggested that the contraction of the
cortex is important in the maintenance of spore
heat resistance. Thus, spores with a very thick
cortex layer, such as those produced by C.
thermohvdroslilfuricuin, would contract consid-
erably and may be less prone to dehydration by
heat. Other components in these spores, such as

Ca>2 or diaminopimelic acid, may also be of
importance in the transformation of heat-labile
vegetative cells into heat-stable spores by facili-
tating contraction of the cortex via reduction in
electrostatic repulsion of ionic groups in the
cortex (5). Therefore, spores with a very thick
cortex may require more Ca> or diaminopime-
lic acid in contraction of the cortex, resulting in
less water activity of the cytoplasm and higher
heat resistance. This feature awaits further anal-
ysis in the extremely heat-resistant spores of C.
thermohvdroslilfiuriciiin.
The biphasic survivor curves observed for

TIME (min) TEMPERATURE (I/K°)

FIG. 6. Thermal resistance of C. therinocelluim spore suspensions.
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TABLE 1. Heat resistance of spores as a function
of D

D value (min)
Organism

10.00C 1100C 1210C

C. thermocellum LQRI 200 8 0.5
C. thermosulfurogenes 4B 520 33 2.5
C. thermohydrosulfuricum 39E 770 123 11
D. nigrificansa 5.6
Bacillus subtilisb 0.9
B. stearothermophilus 3.0

FS1518b
B. stearothermophilus FS617b 0.8
Clostridium sporogenes 1.3
PA3679b
a Data obtained from reference 4.
b Data obtained from reference 1.

spores from thermophilic anaerobes at lower
thermal inactivation temperatures can be ex-
plained in terms of a heterogeneous population
of spores with differing heat stability. The pres-
ence of abortive spores in which the cortex was
either lacking or incomplete was observed when
spore suspensions were examined by electron
microscopy. Thus, the heterogeneous popula-
tion of abortive and mature spores would result
in biphasic survivor curves at a low tempera-
ture, whereas at a high temperature, fast inacti-
vation of abortive spores during the heating
process would result in only mature spores at
zero times and hence linear survivor curves.
Previously, investigators have explained the ap-
pearance of nonlinear survivor curves by either
the multiple critical site theory (10, 12), experi-
mental artifacts (17), heterogeneity of spore heat
resistance in populations before heating (6), or
heterogeneity which is developed during heating
as a result of spore heat adaptation (8).
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