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The endospores formed by strains of type A Clostridium perfringens that produce the C. perfringens entero-
toxin (CPE) are known to be more resistant to heat and cold than strains that do not produce this toxin. The
high heat resistance of these spores allows them to survive the cooking process, leading to a large number of
food-poisoning cases each year. The relative importance of factors contributing to the establishment of heat
resistance in this species is currently unknown. The present study examines the spores formed by both CPE*
and CPE™ strains for factors known to affect heat resistance in other species. We have found that the
concentrations of DPA and metal ions, the size of the spore core, and the protoplast-to-sporoplast ratio are
determining factors affecting heat resistance in these strains. While the overall thickness of the spore pepti-
doglycan was found to be consistent in all strains, the relative amounts of cortex and germ cell wall pepti-

doglycan also appear to play a role in the heat resistance of these strains.

The bacterium Clostridium perfringens is one of the most
common causes of food-borne illness in the United States,
leading to approximately 248,000 cases each year (24). Acute
food poisoning (AFP) occurs when food is contaminated with
C. perfringens spores possessing enough heat resistance to sur-
vive the cooking process (6). Rather than killing these spores,
the heat stimulates dormant spores to germinate. If the food is
not thoroughly refrigerated, the cells then propagate in the
food. When this contaminated food is consumed, a large num-
ber of the cells survive the low pH of the stomach and begin
sporulating in the small intestine. During the sporulation pro-
cess, the C. perfringens enterotoxin (CPE) is produced (23).
The cpe gene is usually found on the chromosome in strains
that cause AFP, while strains that cause non-food-borne diar-
rhea usually carry the cpe gene on a plasmid (8).

Two primary bacterial factors contribute to C. perfringens
AFP. The first requirement is that the contaminating strain
produce endospores with a high degree of heat resistance. The
second requirement is that the strain must contain and express
the cpe gene. In an early report, Ando et al., (1) examined five
strains of C. perfringens that produced highly heat-resistant
endospores and compared them with five strains that produced
spores with lower heat resistance. The study found that all five
of the heat-resistant strains expressed the cpe gene, while the
other strains did not. A recent study by Raju and Sarker (31)
compared the heat resistance of CPE™ strain SM101 to that of
a derived strain with a cpe knockout mutation and found that
no change in heat resistance was produced by the mutation. It
appears that although the expression of the cpe gene is asso-
ciated with more heat-resistant strains, the gene or gene prod-
uct itself does not confer heat resistance.

It has also been noted that the location of the cpe gene is
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associated with the heat resistance of the spores formed by
strains of C. perfringens. Sarker et al., (33) compared the heat
resistance of strains possessing a chromosomal cpe gene to the
heat resistance of strains carrying a plasmid-borne cpe gene.
They found that the spores formed by strains with a chromo-
somal cpe gene possessed a decimal reduction value (D value)
that was, on average, 60-fold greater at 100°C than those of the
other strains (33). Novak et al. (27) examined the endospores
produced by these same strains in an attempt to determine if
specific factors could be identified as contributing to this dis-
parity in heat resistance. That study suggested that production
of a smaller, potentially more dehydrated spore core was a
major factor in determining heat resistance. More recently, Li
and McClane (20) showed that strains with chromosomal cpe
genes not only are more heat resistant, but also are more cold
resistant in both the vegetative-cell and spore forms.

In this study, we examined the endospores of five CPE™ and
four CPE " strains to determine what factors contribute to the
disparity in heat resistance between these groups. The strains
were assayed for spore heat resistance, protoplast water con-
tent, dipicolinic acid (DPA), and mineral concentrations.
Spore structural dimensions were determined using transmis-
sion electron microscopy (TEM), and the spore cortex struc-
ture was determined using liquid chromatography (LC)-tan-
dem mass spectrometry (MS-MS).

MATERIALS AND METHODS

Bacterial strains. CPE™ strains, NCTC 8239, NCTC 8679, and NCTC 10240,
are food-poisoning isolates, Hobbs serotypes 3, 6, and 13, respectively (12).
SM101 is a derivative of NCTC 8798, Hobbs serotype 9, that is conducive to
electroporation (43). Strain 3663 was obtained from the Norwegian Food Re-
search Institute (18). A previously described duplex-PCR method (41) was used
to demonstrate that all five CPE™ strains possessed chromosomal cpe genes, and
the expression of CPE by these strains was previously verified by immunoblotting
(16, 42). The CPE ™ strains FD-1 and T-65 were originally food isolates (11) but
were verified to lack CPE (42). ATCC 3624 and strain 13 are clinical gangrene
isolates (12, 36). PCR analysis (41) was used to verify the absence of the cpe gene
in all four CPE™ strains. Two-tailed Student’s ¢ tests were used to compare
results for CPE™" versus CPE™ strains. Linear regression analyses were used to
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detect significant relationships between D values and other parameters measured
across all strains.

Spore preparation and determination of heat resistance parameters. Spores
for all strains were prepared in identical manners by growth at 37°C in Duncan
and Strong sporulation medium with raffinose (DSSM) (10, 35). In order to
increase the sporulation efficiency of the CPE™ strains, 0.1% caffeine was added
to sporulation media (32). This addition had no apparent effect on the sporula-
tion rates of the CPE™ strains. The heat resistance of the spores of each strain
was experimentally determined with and without the addition of caffeine, and no
measurable difference was observed (data not shown). A variant of strain 13 that
sporulates in the presence of phosphate (26) was isolated by growing the cells in
DSSM for 72 h. The cells were concentrated, and vegetative cells were killed by
the addition of 100 pg/ml lysozyme plus 200 pg/ml trypsin. The surviving spores
were used to inoculate the next culture of DSSM, and the process was repeated.
The surviving spores were saved as the variant strain 13V1. The variant was
found to produce spores with heat resistance equal to that of the wild-type strain
(data not shown). Spore heat resistance for all strains was assayed via determi-
nation of the D value for each strain at 90°C (1). Samples were removed directly
from sporulating cultures 72 h postinoculation. The samples were heat treated at
70°C for 10 min to kill vegetative cells and then assayed immediately. Heat killing
of each strain was followed for 4-log-unit reductions in CFU. Heat resistance
assays were performed a minimum of five times on at least two separate cultures
for each strain.

For additional assays, spores were purified 72 h after inoculation. Cultures
were harvested by centrifugation at 10,000 X g at 4°C, and vegetative cells were
lysed by the addition of 100 wg/ml lysozyme plus 200 pg/ml trypsin and incuba-
tion at 37°C for 4 h. Sodium dodecyl sulfate (SDS) was added to a concentration
of 1% (wt/vol), and incubation was continued for an additional hour (27).
Removal of SDS and cell debris was accomplished by washing the spore suspen-
sion five times with sterile deionized water at 50°C. The spores were verified to
be greater than 90% free of vegetative cells by manual counts using phase-
contrast microscopy.

Determination of spore core water content. Purified spores were assayed for
core density using an established density gradient sedimentation method (22).
The density gradient material was Histodenz (Sigma), and the gradient range was
75% to 50% (wt/vol) Histodenz. Prior to core density determination, spore coats
were permeabilized by incubation for 1 h at 37°C in 1% SDS, 8 M urea, 50 mM
dithiothreitol, 50 mM Tris-HCI at pH 8.0, followed by four washes with 150 mM
NaCl and a final wash in sterile deionized water (30). The effectiveness of the
coat permeabilization procedure for each strain was demonstrated by a >3-log-
unit reduction in CFU upon treatment of the coat-permeabilized samples with
lysozyme, while lysozyme had no effect prior to permeabilization (data not
shown). Permeabilized samples were also plated to verify that the loss in CFU
was due to the lysozyme treatment rather than the permeabilization procedure.
Each strain was assayed for spore core density a minimum of five times.

Electron microscopy measurements of spore cross sections. Purified spores
were fixed in 1.4% glutaraldehyde, embedded, and sectioned as described pre-
viously (17, 27). Transmission electron micrographs were analyzed using Scion
Image, release alpha 4.0.3.2. (Scion Corporation, Frederick, MD). Spore mea-
surements were performed on 50 to 100 cross sections at X25,000 magnification.
Spores that were obviously sectioned at an angle to either axis, apparent in
pointed ends of the spore, were not measured. C. perfringens spores are ellipsoid,
so the definition of an ellipsoid was used to divide the images into those showing
sections through the short axis (length/width < 1.3, for width measurements) and
those through the long axis (length/width = 1.3, for length measurements). In
both cases, noncentral cross sections that were located near the ends of the
spores were defined as those that possessed a dimension >1 standard deviation
(SD) from the mean and were excluded from calculations. The spore core
(protoplast) volume was calculated by application of the formula for the volume
of an ellipsoid: volume = (4/3) m (width/2)*> (length) (5). The protoplast-to-
sporoplast (P/S) ratio was determined as previously described (5).

DPA and spore solute concentrations. Purified spores were suspended to a
known optical density at 600 nm (ODy), and DPA was extracted and quantified
using an established colorimetric assay to determine the concentration of DPA
per ODyg unit (14). Samples were also plated in triplicate to allow determina-
tion of the concentration of DPA per CFU. Spore core volume measurements
were applied to this value to determine the concentration of DPA per um? spore
core volume.

Core ion concentrations were determined using inductively coupled plasma
(ICP) spectroscopy (38). All tubes, pipette tips, and glassware used in this
procedure were first acid washed with 6 N Optima HCI (Fisher). Purified spores
were incubated in 200 mM Tris-HCI (pH 8.0) for 20 min to release surface-
associated ions. The spores were then washed three times in purified H,O, and
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TABLE 1. C. perfringens spore heat resistance and water content?

D value at

Strain CPE? 90°C (min) Density (g/ml) % Water
NCTC 8239 + 120.6 4.5 1329 £0.006 51.6+24
NCTC 8679 + 456 9.4 1333 +£0.008 50.0=3.2
SM101 + 214+08 1308 =0.004 59.8=*1.6
NCTC 10240 + 19924 1308 £0.006 59.8 =24
3663 + 19.0 2.1 1306 £0.010  60.6 = 3.9
FD1 - 125 4.6 1307 £0.006 602 =24
T-65 - 101 1.6 1316 £0.006 56.7 =24
ATCC 3624 - 69 0.7 1322+0.005 543=20
13V1 - 5516 1296 +£0.006 64.6 =24

“ All values are averages * SDs of at least three determinations using inde-
pendent spore preparations.

b +, present; —, absent.

¢ Water content was determined using the formula density = —0.00254x —
1.460 (22) and is expressed as a percentage of the wet mass.

samples were taken to determine the ODy,. The spores were then suspended in
1 ml 6 N Optima HCI (Fisher) and heated at 100°C for 30 min. Samples were
centrifuged for 15 min at 13,000 rpm, and the supernatant was diluted with fresh
deionized H,O to a final volume of 5 ml. The samples were analyzed with an
ICAP 61E simultaneous spectrometer equipped with a Thermo Elemental au-
tosampler. The spectrometer was calibrated with 200 ml 1.2 N Optima HCl
(Fisher). The samples were analyzed simultaneously for Ca?*, Fe?", K™, Mg?*,
Mn?*, and Na*. Spore core volume measurements were applied to determine
cation concentrations per pm?® spore core volume.

Determination of spore cortex structure. Purification of spore peptidoglycan
(PG), digestion with muramidase, and separation of muropeptides by high-
performance LC (HPLC) have been previously described (29). Following iden-
tification of muropeptide peaks, quantitation was performed using integrated
peak areas as previously described (29). Muropeptides were collected from the
separation of strain SM101 spore PG for analysis via LC-electrospray ionization-
MS. The LC system was composed of an Agilent 1100 series stack containing a
binary pump, AL8 autosampler, and vacuum degasser system connected in line
to the mass spectrometer. The LC system was used to remove residual phosphate
buffer from the original separation and to verify the presence of a single com-
pound collected from the original HPLC fractionation. The LC gradient ran
from 0 to 60% acetonitrile in 0.01% formic acid over a 20-min run at 200 pl/min
on a HyPurity Aquastar column (2.1 mm by 150 mm; Thermo Electron Corpo-
ration).

The mass spectrometer was an ABI/MDS-Sciex 3200 QTrap with a Sciex
TurboSpray ion source. For all muropeptides, the linear ion trap was employed
in negative scan mode. The TurboSpray ion source had a voltage of —4,500 V at
a temperature of 250°C. A declustering potential of —50 mV was used for all
samples. For MS-MS fragmentations, collision energy was optimized for each
individual muropeptide but in all cases was between —60 and —120 mV.

RESULTS

Heat resistance and spore core water content. Cultures of
each strain that had been allowed to sporulate for 72 h were
heated in water at 90°C and plated to determine viability. This
temperature was chosen to avoid difficulties in accurately de-
termining D values in the range of 2 to <1 min at higher
temperatures (1, 20, 27, 33). The D values at 90°C were com-
puted for each strain (Table 1). As expected (1), the group of
CPE" strains demonstrated consistently higher heat resistance
than the group of CPE™ strains (P = 0.0026). Among the
CPE" strains, two were highly heat resistant, with D values of
>45 min, while the other D values were clustered around 20
min. The CPE™ strains had D values of =12 min, and the
average D value of the CPE™ strains was more than five times
greater than the average for the CPE™ strains. Heat resistance
assays were also performed on purified spores, with results
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FIG. 1. TEM images of C. perfringens spore cross sections. Repre-
sentative images of spores produced by the designated strain are shown
in each panel. The scale for each image is the same as that shown in the
upper left panel. A, spore core; B, spore PG layer; C, coat layers.

indistinguishable from those using crude sporulated culture
(data not shown).

Spores from each strain were centrifuged on Histodenz den-
sity gradients to determine the spore core wet densities (22)
(Table 1). The spores with the two highest core densities were
also those that possessed the highest D values. The strain with
the lowest core density, strain 13V1, also had the lowest D
value. For strains with intermediate D values, there was not a
clear relationship between protoplast density and heat resis-
tance.

Spore dimensions and core volume. A large variation in the
sizes of spores produced by various strains of C. perfringens has
been previously noted (27). In order to accurately assay the
spore core solute concentrations among our strains, it was
necessary to determine the spore core unit volumes. Spores
were fixed and examined by thin-section electron microscopy.
As represented in Fig. 1, a great deal of structural variation was
found in these images. Differences were apparent in the core
area, cortex width, and coat structure. Several aspects of the
spore dimensions were measured (Table 2). A twofold varia-
tion in spore core volume was observed among these strains.
The three most heat-resistant strains, NCTC 8239, NCTC
8679, and SM101, possessed the smallest core diameters and
corresponding core volumes, while FD-1 had a much larger
diameter and a core volume over twice as large as those of the
smallest strains. The average core volume of the CPE™ strains
was calculated to be 0.38 = 0.12 wm?, while the same value for
our CPE™ strains was 0.53 = 0.12 um?® (P = 0.053). The cortex
PG thickness also varied, with the thickest cortex present in
NCTC 8239, the most heat-resistant strain. The next-thickest
PG layers were in the significantly larger spores of CPE™
strains FD-1 and T-65. The thinnest PG was possessed by
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TABLE 2. C. perfringens spore dimensions and core volumes

Core Core Core vol® Cortex
Strain diam® length” (wm®) width®  P/S ratio®
(um) (um) 8 (um)
NCTC 8239  0.62*0.06 0.72*=0.07 029=*=005 013 0.36 = 0.07
NCTC 8679  0.64 =0.07 0.79 =0.08 034 =006 0.10 0.41 =0.08
SM101 0.63£0.06 0.75*=0.08 031=005 0.09 0.49 = 0.09
NCTC 10240 0.68 =0.06 0.79 =0.07 038 =*=0.06 0.10  0.46 = 0.08
3663 0.79 £0.07 089 =0.06 058=*=0.08 0.10 0.48 =0.08
FD1 0.83x0.06 097=*=0.08 070=009 012 0.49 =0.08
T65 0.72£0.07 096 =0.05 052=*=008 012 0.48 =0.08
ATCC 3624  0.68 =0.05 0.89 =0.06 043 +0.05 0.11 0.45 = 0.06
13V1 0.71 £0.07 0.87=*=0.07 046=*=0.07 0.11 0.45 = 0.08

“ All values are averages of 50 to 120 measurements = SDs. The SDs for the
cortex measurements were found to be =0.02 in all instances.

® Spore core volume (= SD) was calculated as follows: volume = (4/3) m
(width/2)? (length).

¢ The P/S ratio (+ SD) was calculated by dividing the calculated core volume
by the volume of the core plus PG layer (5).

SM101. The spore coat thickness and structure differed dra-
matically between these strains, as shown in Fig. 1. The asym-
metrical appearance of the coat in many strains made the
average coat width difficult to calculate with accuracy (data not
shown).

The P/S ratio (5) was determined from these measurements
(Table 2). The protoplast was defined as the area of the spore
within the inner membrane. The sporoplast was determined as
the entire area within the outermost layer of PG (5). The
lowest P/S ratios were found in the most heat-resistant strains,
NCTC 8239 and 8679, with values of 0.36 and 0.41, respec-
tively. The highest value, 0.49, was demonstrated by CPE™
strain FD-1. Among the spore parameters measured, the P/S
ratio exhibited the strongest relationship with the D value
across the entire range of CPE* and CPE™ strains (Fig. 2)
(P = 0.0025).

Spore solute contents. The spore core DPA concentrations
were determined and were found to differ among strains by as
much as 20-fold (Table 3). While the average DPA concentra-
tion of the CPE™ strains was 65.4 fmol/um?®, more than twice
the average for the CPE ™~ strains, 26.7 fmol/um?, linear regres-
sion analysis indicated there was no correlation between the

204 oD
o
8
0 T T T T T
0.33 0.36 0.39 042 0.45 0.48 0.51
P/S Ratio
FIG. 2. Heat resistance correlates with the P/S ratio in C. perfrin-
gens. The P/S ratio was calculated from measurements of TEM images

as previously described (5). The line was drawn using the linear re-
gression method and produced an 7* value of 0.77.
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TABLE 3. C. perfringens spore solute contents

Content”
Strain
DPA Ca’* Fe?™" Mg>*
NCTC 8239 497+ 13 41.8 £5.0 1.8 £0.2 6.1 £2.3
NCTC 8679 196.6 =3.0 130.6 156 23=*x0.1 188 =*1.1
SM101 189 = 1.1 23.1£1.9 0.9 = 0.1 21x1.0
NCTC 10240 28.9 £ 1.0 225 +0.9 0.6 = 0.1 43+13
3663 33114 25.8 £ 1.1 0.8 = 0.1 3.7%0.9
FD1 9.0 = 0.9 105+ 1.3 0.3 +0.1 1.2 +0.1
T65 16.3 = 0.8 14.1 = 0.7 0.2+0.1 2.0 £0.7
ATCC 3624 64.2 0.8 51.8 =64 0.7 0.1 84+14
13V1 17.2 0.9 146 = 1.4 0.5+0.1 2.7+0.9

“ All values are averages = SDs of three measurements of independent spore
preparations and are expressed in fmol/pm?.

DPA concentration and the D value. Spore monovalent and
divalent cation contents were assayed (Table 3) with ICP spec-
troscopy. In all strains, the levels of Na* and K* were found to
be below the limit of detection (data not shown). The Ca**
concentration correlated strongly with DPA levels, with an 1*
value of 0.99 (P < 0.0001). The average Ca**, Fe**, and Mg**
concentrations were more than twofold higher in the CPE*
strains than in the CPE™ strains, with the highest concentra-
tion of all the cations found in NCTC 8679. However, only
Fe?" showed a statistically significant difference between the
two groups of strains (P = 0.03). A significant relationship
(P = 0.0291) between the Fe** content and the D value was
found across the full range of strains. Mn®" concentrations
were found to be very similar between the two groups, in the
range of 3 to 10 fmol/um?® (data not shown).

Spore cortex structure. Spore PG was purified, muramidase
digested, and analyzed using HPLC. Twenty-one muropeptides
were collected from the SM101 sample (Fig. 3A) for structural
analysis via electrospray ionization-MS-MS. The chromato-
grams for the other eight strains were very similar to that of
SM101, producing a nearly identical series of peaks (data not
shown). Eleven of the SM101 muropeptides had elution times
closely matching those derived from Bacillus subtilis 168 en-
dospores (reference 29 and data not shown), and MS analysis
verified the coeluting peaks to be the same compounds. MS
analysis (Fig. 3B and C and Table 4) revealed that each mu-
ropeptide ionized predominantly as a single proton loss (M-
H™). Due to limitations of the instrument, compounds with
masses of >1,700 were detected as the doubly charged ion
(M-2H™). There was a lower frequency of Na* adducts rep-
resenting M + Na"-2H" or M + 2Na"-3H". MS-MS frag-
mentation was employed on all compounds to determine their
structures (Table 5 and data not shown). In all MS-MS spectra,
the saccharide chain fragmented on the nonreducing end of
the glycosidic bond to produce primarily Y ions (Fig. 3B and
C) (39). Stepwise assembly of these fragments from the non-
reducing end allowed the characterization of the oligosaccha-
ride chain (2). The fragmentation occurring within the peptide
side chain followed the well-characterized pattern, with both b
and y ions present in the same spectra, demonstrating frag-
mentation of each peptide bond (19). The spore PG peptide
side chain structure was found to be Ala-Glu-diaminopimelic
acid-Ala, the same side chain linkage observed in spores of
Bacillus species and in Clostridium botulinum (3, 40). Unlike
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the cortexes of other endospores previously examined (3, 40),
that of C. perfringens was found to lack N-acetylmuramic acid
(NAM) residues possessing single alanine side chains. Dipep-
tide side chains were present, but at a level nearly 10-fold lower
than the percentage of alanine side chains found in other
species. Using the structures determined for the muropeptides,
several structural parameters were calculated for the PG ex-
tracted from the spores of each strain (Table 6). Despite a
higher percentage of tetrapeptide side chains, the C. perfrin-
gens strains demonstrated a degree of cross-linking lower than
that of species previously examined (3). The CPE™ strains all
possess a significantly greater percentage of tripeptide side
chains than the CPE™" strains, with averages of 9.4% and 5.5%,
respectively (P = 0.0056). Approximately 10% of the N-acetyl-
glucosamine present in the cortex was found to be deacetylated
to glucosamine. This value was fairly consistent in all nine
strains.

DISCUSSION

In this study, we selected five CPE™ strains and four CPE~
strains of C. perfringens and evaluated the spores formed by
these strains for factors known to affect heat resistance in other
spore-forming species. While all of our CPE™ strains were
more heat resistant than the CPE™ strains, the division be-
tween the groups was not as great as observed previously. The
D values at 90°C for our CPE™ strains ranged from 120 to 19
min, while those for the CPE™ strains were between 13 and 5
min. Ando et al., (1) found D values at 95°C from 63 to 17 min
for CPE™ and 3 to 1 min for CPE~ strains. Sarker et al., (33)
determined D values at 100°C of 124 to 30 min for strains with
chromosomal cpe genes and 2 to 1 min for those with plasmid-
borne cpe genes. The smaller difference between CPE™ and
CPE" strain D values that we observed may have been due to
the lower temperature we used. The broad range of D values
across the strains reflects variation in the many factors that can
affect heat resistance, as revealed by the measurements of
spore structures and contents we obtained.

In B. subtilis, mutations or processes that decrease the spore
core wet density by increasing the core water content lower the
spores’ resistance to wet heat (reviewed in reference 34).
Within spores of a single strain prepared under varied condi-
tions and within a set of isogenic strains, this relationship can
approach linearity, but between strains and species, the results
are less uniform, though a general trend is still clear (5). While
our most heat-resistant strains, NCTC 8239 and NCTC 8679,
possessed the highest core densities and our least heat-resis-
tant strain, 13V1, had the lowest core density, several other
strains varied from this trend. Most notably, the CPE™ strains
ATCC 3624 and T-65 possessed a high degree of dehydration
and lower relative heat resistance. Overall, the average density
of the CPE™ strains was very similar to that of the CPE™
strains. These results indicate that spore core density is not
always a good indicator of heat resistance in this species and
that other factors can play significant roles in determining heat
resistance.

A previous study found that the endospores formed by
CPE™ C. perfringens strains demonstrated a large degree of
variation in the core diameter and in the thickness of the cortex
and coat layers (27). A similar analysis of our strains supported
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TABLE 4. Muropeptides produced from C. perfringens spore PG
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TABLE 5. Monosaccharide fragment analysis of muropeptide 18

(M-H)™
Peak” Predicted structure” Calculated Observed
m/z m/z
1 MS-TP 737.3 737.2
2 DS-TP 940.4 940.4
3 TS-TP (+H,0) 1,376.6 1,376.4
4 TS-TP(no lactam) 1,418.6 1,418.6
5 TS(red)-TP(-acetyl) 1,302.6 1,302.6
6 TS(red)-TP¢ 1,344.6 1,344.6
7 DS-TriP-DS-TP¢ 1,792.7 1,792.4
8 TS-TP(-acetyl) 1,316.6 1,316.4
9 TS-TriP 1,288.5 1,288.3
10 TS-TP(-acetyl) 1,316.6 1,316.5
11 HS-TP(-acetyl +H,0) 1,752.7 1,752.5
12 TS-TP 1,358.6 1,358.6
13 TS-DP 1,115.4 1,115.7
14 OS-TP(-two acetyl) 2,110.9 2,110.4
15 HS(red)-TP(-acetyl) 1,720.7 1,720.5
16 DS-TP-TS-TP 2,281.9 2,282.2
17 OS-TP(-two acetyl) 2,110.9 2,110.6
18 HS-TP(-acetyl) 1,734.7 1,734.6
19 DS-TriP-TS-TP 2,210.9 2,211.3
20 TS-TP-TS-TP 2,701.7 2,702.1
21 HS-TP 1,776.7 1,776.6

“ Peaks are numbered as in Fig. 3A.

®MS, monosaccharide (NAM); DS, disaccharide; TS, tetrasaccharide; HS,
hexasaccharide; OS, octasaccharide; DP, dipeptide (Ala + Glu); TriP, tripeptide
(Ala + diaminopimelic acid [A,pm] + Glu); TP, tetrapeptide (Ala + A,pm +
Glu + Ala).

¢ Indicates a DS-TriP cross-linked to a DS-TP.

9 These masses correspond to the deprotonated molecule in negative ion
mode. For m/z of >1,700, these were calculated from detection of the (M-2H) ™~
ion.

¢ Molecules containing reduced (red) muramic lactam.

these findings. The three most heat-resistant strains possessed
the smallest spore core diameters, and the thickest cortex be-
longed to the most heat-resistant strain. This may reflect the
previous observation that across several sporulating species a
decrease in the ratio of protoplast to sporoplast volume cor-
related with an increase in spore heat resistance (5). Among
these factors, a low P/S ratio appears to be the most essential
to the establishment of heat-resistant spores in C. perfringens.

In B. subtilis, it has been shown that decreasing the amount
of DPA in a spore results in reduced heat resistance (28).
While this relationship is apparent within a single strain that
has been either depleted of DPA (7) or mutated to incorporate
less DPA (28), this relationship has never been clearly dem-
onstrated between strains or species. In all nine strains exam-
ined, DPA and Ca®" concentrations correlated strongly with
one another, with an r* value of 0.99. This is not surprising,
given the strong interaction between Ca®>* and the chelator
DPA. NCTC 8679 was previously shown to possess extremely
high levels of DPA (27), and our results verified this observa-
tion. While the average concentrations of DPA and Ca*"
among the CPE™ strains were more than twice as high as those
among the CPE™ strains, the great variability in concentrations

Predicted ~ Observed
Fragment® Predicted structure” m/z mjz
(M-H)™ (M)~
Y, PS-TP(-acetyl) z = 1 1,531.3 1,531.3
z=2° 765.2 765.8
Y3 TS-TP(-acetyl) z = 1 1,316.4 1,316.5
z=2° 657.7 658.0
Y, DS-TP 940.4 940.3
Y, MS-TP 736.2 737.2
b, Glu+A,pm-+Ala 389.3 389.3
b, Ala+A,pm 260.2 260.2
Products of multiple
fragmentation and
rearrangements of
parent ion
A PS-TP(-acetyl, -H,0)* 1,513.3 1,513.4
B TS-TP(-acetyl, -H,0)¢ 1,297.4 1,297.4
C TS-DP(-acetyl) 1,056.4 1,056.7
D DS-TP(-H,0)? 9223 922.3
E MS-TriP 649.3 649.2
F Glu+A,pm+Ala(-H,0)* 371.1 371.2

“ Fragments present in Fig. 3B and predicted structures that support the
proposed structure of compound 18 present in Fig. 3C.

b PS, pentasaccharide. See Table 4, note b, for other abbreviations.

¢ A doubly charged ion.

4 The loss of an H,O, apparently from a cyclization of the peptide side chain,
appeared regularly in our fragmentation patterns of this and other previously
well-defined muropeptides.

within each group resulted in no correlation between these
compounds and D values. This suggests that as long as a suf-
ficient level of Ca>* and DPA are present, other factors play
greater roles in determining heat resistance.

Spore core Mg*>* and Fe*" concentrations were also found
to be higher in the CPE™ strains than in CPE™ strains. The
average Mg”* concentration of the CPE™ strains was nearly
twice that of the other strains, while the CPE™ strains had
Fe2™" concentrations threefold higher. In C. botulinum, it was
shown that sporulation in iron-deficient media led to produc-
tion of spores with decreased heat resistance (37), though
treatment of spores to incorporate dramatically higher levels of
Fe?" also led to a decrease in heat resistance (15). While a
mechanism for this phenomenon is not clear, these studies
suggested that Fe*" levels in an endospore must remain within
a relatively narrow range of concentrations, with both increases
and decreases outside of this range negatively impacting heat
resistance. Strain ATCC 3624 was found to possess a concen-
tration of Fe** that was relatively low in comparison to those
of DPA and the other solutes. Perhaps this helps to explain
why the heat resistance of this CPE™ strain is comparatively
low, despite its relatively low P/S ratio and high core density.

The cortex PG structure was highly conserved among the
nine strains tested and was slightly different from those of
species previously examined (3, 29). The most notable differ-
ence from other species was the complete lack of single L-

FIG. 3. HPLC separation and MS analysis of C. perfringens SM101 spore muropeptides. (A) Spore PG was purified, digested with mutanolysin,
reduced, and separated using a methanol gradient as previously described (29). Muropeptides were detected by absorbance at 206 nm and are
numbered as in Table 4. Peaks labeled B are buffer components. (B) Fragmentation spectrum of muropeptide 18. Ion masses indicated by letters
are those predicted in panel C and in Table 5. (C) Structure proposed for muropeptide 18. The arrows indicate fragmentation points to produce

the masses indicated in panel B.
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TABLE 6. C. perfringens spore PG structural parameters”

% Muramic acid with’:

Strain

Lactam No . Cross- Deacetylation
ring  modification® TP TriP DP of NAG*
NCTC 8239 48.7 2.2 385 64 43 19 9.2
NCTC 8679 50.0 1.2 386 62 42 18 9.6
SM101 50.1 2.0 429 32 24 14 11.1
NCTC 10240  49.6 1.8 411 41 36 18 9.0
3663 482 2.6 370 75 51 14 9.5
FD1 47.9 2.5 37.0 114 16 20 9.5
T65 48.3 2.7 377 79 39 18 9.0
ATCC 3624 49.6 2.2 346 103 34 15 11.0
13V1 443 4.8 409 82 23 13 9.2

“ All values are averages of two analyses of independent spore preparations.
The SD of each value was <5%.

> See Table 4, note b, for abbreviations.

¢ NAM present with no peptide side chain or lactam ring formation.

4 NAG, N-acetylglucosamine.

alanine side chains attached to NAM residues. The enzyme
that cleaves peptide side chains to single L-Ala in B. subtilis is
LytH (13), and we could find no gene in the sequenced C.
perfringens genomes with a high degree of similarity to lytH.
The result of failure to cleave peptides to single L-alanine
residues is a nearly twofold increase in the number of tetrapep-
tide side chains in C. perfringens compared to other species
previously studied (3, 29). Despite the increased number of
peptide side chains available for cross-linking, the average per-
cent cross-linking in C. perfringens spore PG is ~1.7%; lower
than that found in B. subtilis (2.4%) (4, 25) and Bacillus mega-
terium (2.2%) (2, 30).

Although many parameters of the cortex structure are very
similar among these strains, the abundance of tripeptide side
chains is significantly higher in the CPE™ strains than in the
CPE" strains. In B. subtilis, tripeptide side chains are a char-
acteristic of the germ cell wall rather than the cortex PG (4,
25). A high level of tripeptides in some strains may indicate
that a larger percentage of the PG layer measured in our
electron micrographs was germ cell wall as opposed to true
cortex. This may help to explain the relative thickness of the
cortex layers found in the CPE™ strains that does not seem to
contribute correspondingly to heat resistance.

A novel characteristic of the C. perfringens cortex structure is
the high degree of de-N-acetylation present in the muropep-
tide structure. Nearly 10% of the glucosamine in the cortex was
lacking an N-acetyl group compared to approximately 3% in B.
megaterium (2). In the final stage of muropeptide preparation,
the PG was digested with a muramidase. This enzyme cuts
adjacent to NAM but does not act adjacent to muramic-d-
lactam residues. Thus, hexasaccharides result from the presence
of two adjacent muramic-8-lactam residues, and octasaccharides
result from three adjacent muramic-d-lactam residues. It is inter-
esting that while up to 10% of the tetrasaccharides were
deacetylated, the vast majority of the hexasaccharides lacked
an acetyl group (data not shown) and 100% of the octasaccha-
rides detected were deacetylated. This suggests that deacety-
lation of a glucosamine contributes to an increased likelihood
of lactam ring formation on the adjacent NAM. The average
degrees of deacetylation were nearly identical in the CPE™ and
CPE" strains and did not appear to be a factor affecting heat
resistance in these strains.

APPL. ENVIRON. MICROBIOL.

TABLE 7. Requirements for establishing a highly heat-resistant
C. perfringens spore”

High  Small . . PG with
Strain core core LOV: P,,{S gf,ih( ngfh low %  Total
density” volc  TM° TriP®
NCTC 8239 +1 +1 +1 +1 +1 0 +5
NCTC 8679 +1 0 +2 +1 +1 0 +5
SM101 0 0 0 0 0 +1 +1
NCTC 10240 0 0 0 0 0 +1 +1
3663 0 -1 0 0 0 0 -1
FD1 0 -1 0 -1 0 -1 -3
T65 0 0 0 0 -1 0 -1
ATCC 3624 0 0 0 +1 0 -1 0
13V1 -1 0 0 0 0 0 -1

“ Each value is based on the mean value and SD for all strains assayed. +1
indicates that the value for that particular strain was above 1 SD but less than 2
SDs above the mean; —1 indicates a value more than 1 SD but less than 2 SDs
below the mean.

> The mean density for all strains assayed was 1.314 = 0.012 g/ml.

¢ The mean core volume was 0.44 + (.13 um®.

4 The mean protoplast/sporoplast ratio was 0.45 = 0.4.

¢ Due to the outlying DPA content of NCTC 8679 (>2.5 SDs above the mean),
the value was excluded for calculating the mean DPA and Fe content. The mean
value for DPA in the remaining strains was 29.7 + 18.8 fmol/um?.

/The mean value for Fe>* was 0.9 + 0.7 fmol/um?.

& The mean value for % TriP was 7.23 * 2.6.

Table 7 presents a summary of the spore characteristics that
appear to correlate with high heat resistance. The mean and
SD for each factor was determined based on the values found
for all nine strains. The two most heat-resistant strains, NCTC
8239 and 8679, exceeded the mean value in nearly every factor
assessed in this study. Every CPE™ strain fell more than 1 SD
below the mean in at least one category, though the factor was
not always the same one. It is interesting that strain FD-1 fell
below the mean in every category yet was not the most heat-
sensitive strain we assayed. Clearly, other factors contribute to
the establishment of heat resistance in this strain.

A persistent question remaining in the field is what is the
selective advantage to maintaining chromosomal cpe genes and
the ability to produce highly heat-resistant spores. Our first
thought is that high heat resistance and accompanying cold
resistance (20) are simply measures of long-term stability at
ambient temperatures that C. perfringens might encounter in
the environment (soil and aquatic reservoirs). We consider
that the broad range of C. perfringens strains may reflect three
separable populations. A population that stably inhabits envi-
ronmental samples, as opposed to gut flora, is the CPE™
strains that are the cause of many gas gangrene infections. If
these strains occupy a stable niche in the soil, then CPE ex-
pression or long-term spore stability may not be selected for.
This is consistent with a recent report that the majority of soil
isolates are CPE™ (21). The CPE™" isolates found in that study
had plasmid-borne cpe genes and were thus not likely reser-
voirs for contaminants leading to AFP.

Another population is human gut flora isolates, which can be
further divided into two classes: =95% of gut isolates are
CPE", and the remainder are CPE™ (9). This uneven ratio
may be determined by negative selection against CPE by the
host immune system and a selective advantage in competition
for the small population that maintains CPE. During any trans-
fer between the gut floras of individual hosts, long-term spore
stability would provide a selective advantage for the smaller
number of CPE™ spores. This could therefore drive the coin-
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heritance of chromosomal cpe and high heat resistance. These
strains, though rare among the total C. perfringens population,
would be frequently encountered in cases of AFP simply due to
their ability to survive cooking and refrigeration temperatures.

We have identified several spore properties that appear to
play important roles in determining C. perfringens spore heat
resistance. Further insight into the relative importance of these
factors may be obtained by genetically altering a strain to
modify these properties within a consistent genetic back-
ground.
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