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Abstract

Endospores of Clostridium spp. pose an economic threat to the food industry and
put consumers at risk of foodborne illness. An increase in consumer demand for
minimally-processed, ready-to-eat products has driven research to examine ways to
mitigate current thermal processing severity used to inactivate endospores, while
maintaining food safety. Pressure-assisted thermal sterilization (PATS) in combination
with antimicrobial compounds is a promising technology. The first objective of this study
was to determine the resistance of endospores of Clostridium spp. to the antimicrobials
nisin and reutericyclin during PATS. Nisin and reutericyclin target cell membranes, are
effective against endospores, and have a unique mode of action. The presence of nisin
enhanced inactivation of endospores during thermal treatments, whereas reutericyclin had
no effect. The presence of nisin and reutericyclin enhanced inactivation of endospores
during early stages of PATS. However, the presence of reutericyclin appeared to facilitate
survival of endospores. Resistance to nisin and reutericyclin during thermal treatment and
PATS is species-dependent.

The second objective of this study was to determine the composition of the inner
membrane of endospores of Clostridium spp., and to assess membrane fluidity in situ and
ex situ of thermal and high pressure / thermal treatment. Measurements of membrane
fluidity may provide information to help explain species-dependent resistance of
endospores to nisin and reutericyclin. The inner membrane of endospores was chosen as a
target because of its barrier properties. Inner membranes of endospores of Clostridium
spp. differed significantly in short chain:long chain fatty acid ratios, and
saturated:unsaturated fatty acid ratios between species. The fluorescent probe
LAURDAN was used to label and measure fluidity of the inner membranes of endospore
populations. Labeling inner membranes of endospores with LAURDAN did not affect the

viability or structure. Fluorescence measurements were done in sifu and ex situ of thermal



and high pressure / thermal treatment. At ambient conditions, the inner membranes of
endospores of Clostridium spp. were in an ordered state indicative of a gel-phase
membrane. The presence of reutericyclin during thermal treatments disrupted the gel-
phase membranes. Conversely, the presence of nisin during high pressure/thermal

treatments stabilized the ordered state of inner membranes of endospores.
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1. Introduction and Literature Review

1.1 Bacterial Endospores

Bacterial endospores formed by Gram-positive genera Clostridium and Bacillus
are distributed throughout the environment (21, 116). Endospores are highly resistant and
metabolically dormant (43, 130). Endospore formation, sporulation, is initiated by
vegetative cells when nutrient levels are depleted (42, 43, 130). Sporulation is discussed
in detail by Henriques and Moran (68). Endospores differ from vegetative cells in a
variety of ways.

Endospores exhibit significant size variance relative to vegetative cells and
endospores of different strains (22). Bacillus spp. endospores differ significantly in mean
length between species, and are roughly half the size of vegetative cells (22). Dormancy
of an endospore is primarily due to a core with low water activity (35, 152, 155). Little to
no energy-rich compounds, such as adenosine triphosphate (ATP), are found in
endospores (158). Endospores do not metabolize endogenous or exogenous compounds
(35, 158, 159), and metabolic inactivity can be maintained virtually indefinitely. The pH
within the core is 1.0 to 1.5 units lower than vegetative cells, which have a cytoplasmic
pH between 7.5 and 8.0 (120, 158). The core of an endospore contains enzymes, DNA,
ribosomes, and tRNA in proportions identical to vegetative cells (158, 159). Endospores
can persist for millions of years under suitable conditions (20, 82, 179). The primary
function of an endospore appears to be survival until a favorable change in the

environment occurs.



1.2 Germination

Endospores germinate and resume vegetative growth upon exposure to suitable
growth conditions (120, 121). Muropeptide fragments of the cell wall, released by
growing vegetative cells, can induce germination (160). A eukaryotic-like Ser/Thr kinase
appears to act as a receptor to these fragments (160). Germination is also initiated by
nutrients in the environment. The types of nutrients are species-dependent (156).
Examples of such nutrients include L-amino acids, D-sugars, and purine nucleosides
(156). Nutrient-induced germination is initiated without enzymatic action, which makes it
a non-metabolic event (156). Nutrients simply bind to stereospecific receptors located in
the endospore inner membrane, and a cascade of events is triggered (156). The number of
germinant receptor operons tends to be lower in Clostridium spp. than in Bacillus spp.
(188). The number of total germinant receptors within an individual endospore’s inner
membrane is estimated to be between 10 to 100 molecules per endospore (77, 156).
Presumably, low numbers of germinant receptors ensure endospores initiate germination
in conditions where nutrient levels are high enough to sustain growth. Muropeptide
fragment-induced germination supports this line of reasoning, as vegetative cells produce
these during conditions capable of sustaining growth.

At the onset of germination, an unknown mechanism releases ions (K, H", Ca2+)
and pyridine-2,6-dicarboxylic acid (DPA) from the core of endospores. The release of
DPA from the cores is often used as an indicator of germination or damage during growth
and inactivation studies (78, 104, 121, 187). The cortex lytic enzyme (CLE) CwlJ is
activated during release of DPA (98). SleB is another CLE, but the method of activation
of this enzyme is unknown. Following ion release both CwlJ and SleB hydrolyze the
endospore cortex. The endospore cortex is a specialized layer of peptidoglycan (PG) that
helps maintain dormancy (120, 131, 156). Cortex hydrolysis facilitates core rehydration,

cell expansion, and an associated increase in wet weight. Proteins such as small acid-



soluble protein (SASP) proteases activate as rehydration occurs. These proteases are
critical in generating energy for the germinating endospore from deoxyribonucleic acid
(DNA)-bound SASPs (10). Cellular metabolism is initiated once rehydration completes,
and macromolecular synthesis can begin (35, 120). Germination is followed by a phase
called outgrowth. Outgrowth converts germinated endospores into growing cells (10).
Outgrowth also utilizes high-energy amino acids, derived from degradation of SASPs via
proteases, for metabolic functions until exogenous nutrients are taken up (10).
Germination in conditions capable of sustaining growth is crucial because the process is
irreversible, and its completion restores cell sensitivity to environmental factors.

A small proportion of superdormant endospores exist within every population of
endospores (10). Superdormant endospores germinate extremely slowly. Slowed
germination preserves endospores’ resistance (11). The dehydrated core, SASPs, and
inner membrane integrity all appear to be retained in superdormant endospores (10). The
exact reason for this phenomenon is unknown, and little research into superdormant

endospores has been done.

1.3 Endospore Adaptations

Endospores have physicochemical adaptations that make them well adapted to
endure adverse environmental conditions. Solar ultraviolet (UV) radiation, extremes of
pressure, dry heat, wet heat, desiccation, and even microbial-enzyme attacks are all
repelled (117, 155). Endospores also resist chemicals such as acids, bases, oxidizers,
alkylating agents, aldehydes, and organic solvents (155). Resistance of endospores is a

result of their cellular architecture (Figure 1-1).



Exosporium

Spore Coat

Outer Membrane

Cortex

Inner Membrane
Spore Core and Germ Cell Wall

Figure 1-1: Diagram of the structure of a bacterial endospore (A), and a transmission electron
microscopy image of an endospore of C. sporogenes ATCC 7955 (B). See section 3.2.6 of this
thesis for the protocol used to take the image.

Endospores of Bacillus species are structurally complex as demonstrated by electron
microscopy studies (85). Multiple layers surround a dehydrated core of an endospore
(68). Each of these layers is chemically distinct and some contribute to resistance. The
outermost of these layers, and not present in all species, is called the exosporium. The
exosporium is commonly found on endospores of Bacillus cereus (43, 88, 142, 180). An
exosporium has no known function and consists of proteins, including species-specific
glycoproteins (38, 88, 142, 175). Beneath the exosporium is an arrangement of species-
specific proteins called the coat.

In Bacillus species the coat consists of more than 50 different individual proteins,
many of which are cross-linked (43, 44, 88, 68). The CLEs SleB and CwlJ reside within
the coat protein layer, although some SleB is located within or adjacent to the inner
membrane (5, 26). Coats play little to no role in thermal and radiation resistance (44, 117,
153). However, a coat can help endospores resist bactericidal chemicals (155). The
mechanism by which a coat resists chemicals is not known. Coat proteins may react with,
and detoxify chemicals before they access inner endospore layers (60). Coats are also

semipermeable, allowing the passage of molecules less than 5 kDa in size (44, 68, 156).



Large exogenous lytic enzymes, such as lysozyme, cannot penetrate and damage the
layers beneath a coat (44, 68, 84). Below an endospore’s protein coat lays the outer
membrane.

The presence of an outer membrane is determined by sporulation (130). The
outer membrane was originally part of the mother cell that gave rise to the respective
endospore, and is involved in cortex synthesis. Removal of an outer membrane has no
effect on endospore resistance to heat, radiation, and chemicals (117, 153). Outer
membranes may passively sequester hydrophobic molecules, thus passively protecting
against some antimicrobial compounds.

A layer of peptidoglycan (PG) called the cortex lies beneath the outer membrane
(131). An endospore’s cortex is essential for proper sporulation, as well as the reduction
and maintenance of low core water content (155). The mechanism by which a cortex
assists with maintaining low core water content is likely similar to maintenance of turgor
pressure in vegetative cells facilitated by the PG cell wall. The lower water activity
within endospore cores results in higher mechanical stress via osmotic pressure than in
vegetative cells; the cortex is thicker than that of cell walls in vegetative cells in order to
compensate. The cortex also indirectly contributes to thermal resistance by helping to
maintain a core’s low water activity. Cortex PG is chemically distinct from the germ cell
wall PG underneath it, although both can be recognized and degraded by lysozyme (124,
138). Cortex PG contains diaminopimelic acid, and much of the muramic acid present is
muramic acid-lactam (MAL) (131). The muramic acid moieties act as recognition sites
for CLEs during germination. Cortex degradation is essential for core expansion and
subsequent growth (120, 156). The germ cell wall beneath a cortex is composed of PG
similar to that of vegetative cells, and becomes the cell wall of a germinated, outgrowing
endospore (131). Germ cell walls have not been identified as contributing to endospore

resistance. Underneath a germ cell wall rests the inner membrane.



The inner membrane acts as a permeability barrier, preventing the passage of
chemicals and water, to the endospore’s core (30, 117, 157). Impermeability of the inner
membrane may be due to its compressed state (34). The inner membranes of endospores
of Bacillus spp. have a chemical composition similar to membranes of respective
vegetative cells (30, 31), although the actual structural arrangement is unknown (10). As
a permeability barrier, the inner membrane contributes to thermal resistance by
preventing rehydration of the core.

The center of an endospore is called its core. Within a core, o/B-type SASPs are
bound to cellular DNA to the point of saturation. Bound DNA has an altered
conformation, resisting thermal denaturation and cross-linking during UV irradiation
(59). The majority of an endospore’s core material is a calcium-DPA (Ca-DPA) matrix
(59, 155). The DPA in the core is likely in the form of a precipitate, but the exact state is
unclear (155). Presence of DPA within a core prevents spontaneous germination (98).
The Ca-DPA matrix also excludes water (121, 152). Water exclusion keeps core water
content between 25-50% of an endospore’s wet weight, and also helps protect DNA and
proteins (123, 152). The water content of bacterial endospores is inversely related to wet-
heat resistance (59). As such, Ca-DPA’s exclusion of water is a major contributor to
endospore resistance to heat.

Macromolecular movement is restricted due to low levels of free water in
endospore cores (35). Lack of molecular movement contributes to wet heat resistance by
preventing protein denaturation (59). The release of DPA from endospores of Bacillus
correlates to inactivation during thermal treatments (129). In addition, removing DPA
from endospores, by creating DPA-deficient mutants, correlates with thermal and high-
pressure sensitivity (102). Sporulation conditions also significantly impact endospore
resistance. Prevalence of different divalent and monovalent cations in sporulation media

has varying effects on thermal resistance within strains, and media made from soil extract



significantly increases thermal and high-pressure resistance (102, 103, 104). Endospores
formed in the higher range of growth temperatures have lower water content than those
formed at lower temperatures, with the latter also exhibiting a lowered heat resistance
(155). Thus, a loss of thermal resistance occurs when DPA is released during
germination, breach of endospore integrity, or compromising DPA reserves (87).
Maintenance of an endospore’s dehydrated core is ultimately responsible for the majority
of resistance (155).

Endospores are a cellular response to adverse environmental conditions that
effectively puts bacteria into stasis until more favorable conditions arise. Although other
examples of dormant metabolic states exist, none are as hardy or widely distributed
endospores. Endospores are present in virtually all of the Earth’s environments- from the
deepest points of the ocean floor to the soil beneath our feet. Such a pervasive form of life

is bound to interfere with some aspect of human activity.

1.4 Relevance of Endospores to the Food Industry

Endospores’ ability to germinate and widespread distribution presents a serious
problem for the food industry (10). Germination within food can lead to spoilage and
mild to severe foodborne illness (16, 32). Economic losses due to spoilage, product
recalls, and consumer avoidance can be substantial. Endospores of both Clostridium and
Bacillus spp are problematic. The most serious threat to consumers is posed by
germinating endospores of Clostridium botulinum. C. botulinum is capable of producing a
toxin during growth, and if the toxin is consumed it can cause botulism (97). Foodborne
botulism is characterized by muscle paralysis leading to asphyxiation (161). Endospores
of C. botulinum are distributed worldwide and capable of causing foodborne intoxication
associated with meats, fish, vegetables and milk products (83). Many food industry

regulations and processing methods are based around eliminating endospores of C.



botulinum (10). The production of Clostridium perfringens endospores is responsible for
some foodborne illnesses associated with consumption of cooked meat products. C.
perfringens intoxication exhibits symptoms of acute abdominal pain, diarrhea, and nausea
(165). Bacillus licheniformis and Bacillus subtilis are both associated with outbreaks of
foodborne illness (16, 150). Bacillus cereus is commonly associated with foods that
interact heavily with soil, and is known as both a spoilage and toxin-producing organism
(14). Clostridium beijerinckii endospores have been identified as causative agents in
“blown pack” spoilage of chilled vacuum-packed red meats, mainly posing an economic
threat (16). Thermo-acidophilic Alicyclobacillus spp that have germinated can also cause

spoilage, mainly in concentrated fruit juices (25, 166, 169).

1.4.1 Thermal Processing

Endospores are highly resistant to thermal processing used to extend the storage
life of foods with a pH greater than 4.5 (89, 140). Thermal resistance of endospores was
identified in the early 1900’s (99). Toxicity and thermal endurance of endospores of C.
botulinum was well established at this time (47, 167). Since then, endospores of C.
botulinum have taken priority as the most concerning cause of endospore-related
foodborne illness. Food producers currently employ thermal processing to control
endospores. Such treatment entails bringing a product to 121°C for a minimum of 3
minutes (10). Thermal treatment of this severity aims to achieve commercial sterility.

Thermal processing that eliminates endospores to such a high degree also
compromises the nutrient and sensory properties of foods (107, 134). The food industry
aims to produce shelf-stable, low acid foods that retain quality with minimal use of
additives. Thermal processing has been used with additional measures to control
endospores to help mitigate thermal severity. For instance, the addition of nitrite, liquid

smoke, and lowered pH of foods below 4.5, has all been used. Unfortunately, the food



industry still encounters challenges in eliminating endospores without compromising
product quality (68, 102). Non-thermal treatments that may be capable of producing

minimally processed, safe, high quality food products are being examined (10).

1.5 High Hydrostatic Pressure (HHP) Technology

Processing foods by pressurization has become an attractive technology for
ensuring safety and extending storage life (74, 162). In the late 19" century HHP was
evaluated for exactly this purpose (72). Since then, we have come to understand that high
HHP causes less deterioration of vitamins, phytochemicals, and aroma compounds
compared to thermal treatments with comparable bactericidal effects (24). High
hydrostatic pressure can inactivate most vegetative bacteria, including pathogens (46,
184). For example, HHP readily inactivates cells of Escherichia coli and Listeria innocua
in juice (19). Various molds, yeast, and fungal spores can also be reduced by up to 6-log
cycles at or below 690 MPa at ambient temperature (48, 136, 137). Acceptance of HHP
as a processing technique has grown, and has been introduced in several countries,

including Canada (86).

1.5.1 High Hydrostatic Pressure (HHP) and Endospores

Endospores have proven to be a resistant target for HHP (71). In the 1960’s it
was established that pressure alone does not inactivate endospores, specifically those of
B. subtilis and Bacillus alvei (173). Endospores can survive pressures above 1000 MPa,
unless temperatures approaching 100 °C are simultaneously applied (24). Endospores of
C. botulinum are among the most pressure-resistant (126). High hydrostatic pressure
alone cannot inactivate endospores, and high hydrostatic pressure with temperature could
not be done with commercial units until recently (111, 151). Consequently, commercial

production of low-acid, shelf-stable foods using HHP has not yet been done (10).



Favorable side effects of HHP have led researchers to examine its efficacy in endospore
inactivation when used prior to high temperatures or antibacterial agents (10).

The sequential application of HHP with other technology is based on the
observation that pressure can induce germination. At moderately high pressure (50 to 300
MPa), nutrient receptors are activated in the absence of nutrients and germination
proceeds as per the nutrient-induced pathway (13, 121, 186). Higher pressures (400 to
800 MPa) do not trigger germination via nutrient receptors, but cause a substantial DPA
release. Released DPA activates the CLE CwlJ, which in turn forces a cascade of
germination events (11, 121, 186). Other agents are also capable of inducing germination,
including PG lytic enzymes, cationic surfactants (11, 156), and mechanical abrasion (79).
Adequate mechanical abrasion damages the cortex, leading to activation of CLEs and the
germination cascade (79). Germinated endospores are more sensitive to subsequent
antimicrobial and thermal treatments (11). High hydrostatic pressure-induced germination
is thought to be the primary mechanism responsible for enhancing thermal inactivation of
endospores (11). The sequential application of antimicrobial treatments in order to
achieve a synergistic effect has been termed “hurdle technology” (91).

Hurdle technology using HHP with a variety of non-thermal food processing
methods has been evaluated against endospores. Ultraviolet irradiation, pulsed-electric
fields, and ultrasound have all essentially proven ineffective for endospore inactivation in
combination with HHP (148). Irradiation and HHP treatments have exhibited additive
endospore inactivation, but not enough data exists to make it an accepted commercial
technology (36, 61). Resistance to ultraviolet light can also persist in endospores,
regardless of the increased water content and thermal sensitivity during germination
(187). The application of a heating step following HHP has also been ruled out as an

effective endospore control.
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Rejection of sequential pressurization and heating is due to the existence of
superdormant endospores within a given population. An HHP process that induces
germination (50 to 400 MPa) and is followed with a pasteurization step will not inactivate
superdormant endospores, and is therefore unlikely to be used in a commercial setting
(11). As was mentioned, superdormant endospores germinate very slowly and retain
thermal resistance. High pressures in combination with temperature are required to make
acceptable reductions in endospore populations of Bacillus or Clostridium species (48,
136, 137). Simultaneous use of pressure and heat is called pressure-assisted thermal

sterilization (PATS), and may be a more effective process (110, 183).

1.6 Pressure-Assisted Thermal Sterilization (PATS)

The food industry is interested in PATS due to growing consumer preference for
safe, high-quality foods with minimal additives (33). Pressure-assisted thermal
sterilization involves the simultaneous application of pressure, up to 700 MPa, and sub-
retorting temperature (90-120°C) (2). The heat used in PATS can be lower than that of
thermal processing due to synergistic protein denaturation, thereby maintaining high
product quality and safety (107). Pressure-assisted thermal sterilization is less detrimental
to flavor, texture, and nutritional quality compared to conventional thermal processing (4,
110). Pressure-assisted thermal sterilization is also more effective than thermal treatment
for inactivating vegetative bacteria (127). These factors make PATS a leading candidate
in alternatives to severe thermal processing. Pressure-assisted thermal sterilization is not,
however, a straightforward technology.

Various factors influence the efficacy of PATS sporicidal effects. Initial
temperature, target pressure, holding time, matrix compressibility, and rates of heat loss
all influence the inactivation of endospores (7). Lack of adequate temperature control

may contribute to tailing phenomena of endospores observed in thermal inactivation
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kinetics (174). Heating associated with the compression of water, termed adiabatic
heating, is a beneficial side-effect with regard to endospore inactivation. Adiabatic
heating of water was first observed and recorded in 1912 (15), and is equally distributed
within a sample almost instantaneously. All compressible substances exhibit an increase
in temperature upon compression (174). Adiabatic heating of water occurs at a rate of
approximately 3°C for every 100 MPa increase (6). In foods that are high in fat and
alcohol, adiabatic heating approaches 9°C for every 100 MPa (134). Most foods have a
sufficiently high water activity that adiabatic heating is comparable to that of water (11).
Regardless of medium, adiabatic heating effects are homogeneously distributed during
pressurization (11). This attribute of HHP aids in destruction of pathogenic bacteria,

including endospores, while decreasing heating costs.

1.6.1 Inactivation of Endospores by Pressure-Assisted Thermal Sterilization (PATS)

Pressure-assisted thermal sterilization-mediated inactivation of endospores is a
promising technology (4, 119, 148). In general, PATS accelerates inactivation of
endospores when compared to thermal treatments (2). Increases in PATS temperatures,
from ambient to just above 50°C, are needed to enhance inactivation of Bacillus and
Clostridium endospores (112, 140). This applies to both buffer and meat systems (112,
141). For example, B. subtilis were reduced by 0.5-logs at 404 MPa and 25°C, but a more
industrially acceptable 5-log reduction was observed in numbers of endospores when the
temperature was increased to 70°C at the same pressure (168). Gao et al (57) observed
similar results, showing that 579 MPa and 87°C, for 13 min, was optimal for a 6-log
reduction of endospores of B. subtilis. Such results are promising because they show that
PATS can achieve a 5-log inactivation of endospores below 121°C.

Pressure-assisted thermal sterilization has been assessed for destruction of highly

resistant, food-relevant endospores. Bacillus amyloliquefaciens FAD 11/2 produces one
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of the most resistant endospores known, and was originally isolated from ropy bread (1,
102, 133, 146). Endospores of B. amyloliquefaciens are inactivated by 4.5-logs at 700
MPa and 121°C (2). These parameters are rather severe. By comparison, a 7-8-log
inactivation was observed for endospores of other species at identical processing
parameters (2). Strains genetically proximal to C. botulinum, and C. botulinum itself,
have also been subjected to PATS. Negligible endospore inactivation occurs in
Clostridium sporogenes after treatment at 600 MPa for 30 min at 20°C (111). This
highlights endospore resistance to pressure at ambient temperature. However, at 400
MPa, for 30 min at 60°C a 3-log reduction in C. sporogenes endospores occurred (111).
These conditions constitute relatively moderate processing parameters. In contrast,
treatment of 700 MPa and 121°C, for 1 min, was capable of inactivating 7-8-logs of
endospores of C. sporogenes and Clostridium tyrobutyricum (2). The endospores of C.
botulinum exhibit more concerning results.

Endospores of C. botulinum are among the most resistant to PATS, next to strains
of B. amyloliquefaciens. Effective PATS parameters for the elimination of endospores of
C. botulinum range from 60 to 121°C, and include pressures up to 800 MPa (67). C.
botulinum strains also exhibit strain-specific sensitivity to PATS. Vegetative bacteria
treated with PATS originally displayed this variability (128). It seems that strain-
dependent resistance carries over to endospores (Table 1-1). Varying temperature or time
appears to have the greatest effect on optimizing endospore inactivation. Endospores of
C. botulinum can exhibit resistance ranging from no inactivation to a 5.5-log reduction at

600 MPa and 80°C (103).

Table 1-1. C. botulinum endospore strain resistance to pressure-assisted thermal processing.

Pressure Temperature . Inactivation
Time Reference

Strain (MPa) °C) (logs)
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Type A BS-A

Type A 62-A 827 75 20 min 3 (140)
Type B ATCC
25765 600 80 Is
Type B TMW >5.5 (103)
2.518
Type E 827 60 5 min >5 (141)
2-B .
KAP9-B 827 75 20-30 min 6 (139)
17-B 620 100 10 min 5.5
TMW 2.357 800 120 4 min 6 (102)

Pressure resistance of endospores appears to be unrelated to thermal resistance
(103, 104, 115). For example, endospores of B. subtilis IAM12118 are highly pressure-
resistant, but exhibit higher heat sensitivity than endospores of Bacillus
stearothermophilus, which has similar pressure resistance (115). Pressure stabilizes
endospores to thermal effects in some cases (2, 102, 125, 133). Increasing temperature
decreases D-values of endospores until 121°C, where the contribution of pressure to
inactivation becomes less pronounced (133). Temperatures of 100°C can be more
effective at inactivating endospores than a combination of 600-800 MPa and 120°C
(102). Tailing effects in inactivation curves of endospores are common during PATS,
and may be a consequence of pressure stabilization (2, 102). A consensus on the
parameters for PATS that is adequate for industrial application cannot easily be distilled
from the literature. A reliable way of enhancing inactivation of endospores by PATS may
be through the use of highly specific antimicrobial compounds.

Pressure-assisted thermal sterilization in combination with low pH was briefly
assessed against endospores. Acidic environments can enhance HHP inactivation of
vegetative cells (3, 164). With the exception of Alicyclobacillus acidoterrestris,
sporeforming bacteria cannot germinate in low pH foods, thus making pH an attractive
candidate for PATS hurdle technology (166). Clostridium endospores, reduced by less

than 0.5-logs at neutral pH, 404 MPa at 25°C, for 30 min, are reduced by 2.5-logs

14



following treatment at the same conditions in a medium at pH 4.0 (168). The use of citric
acid (pH of 4.0) and PATS to eliminate endospores of Bacillus spp achieved a 6-log
reduction using 400 MPa and 70°C, for 30 min (145). In contrast, Wuytack and Michiels
(185) found that endospores of B. subtilis resist inactivation over a pH range of 3.0 to 8.0
at pressures of 100 to 600 MPa at 40°C. Reasons for this variability remain unknown.
However, nutrient and pressure-induced germination are favored under neutral pH (185),
and acidity may counteract the inactivating effects of HHP by inhibiting germination.
Endospores have shown either enhanced inactivation or complete resistance to acidic
conditions and PATS (145, 185). The manipulation of pH to enhance endospore
inactivation during PATS is not a favorable technique because it is unreliable and

ultimately alters product quality.

1.7 Enhancing Pressure-Assisted Thermal Sterilization (PATS)

Understanding the physicochemical effects of HHP on bacterial cells is crucial to
selecting antimicrobial compounds that may enhance endospore inactivation during
PATS. Pressure-mediated cell inactivation is attributable to structural and physiological
damage (18, 143). Application of HHP forces a decrease in void volumes that require
potentially irreversible molecular reconfigurations (149). High hydrostatic pressure acts
on the spatial structures of biomacromolecules in an isostatic fashion (149, 184), which
ultimately leads to pressure-induced denaturation of proteins and cellular inactivation as
vital functions are compromised. Molecular rearrangement eliminates void volumes and
is the primary contributor to protein denaturation in aqueous solutions (69, 76).
Reconfigurations are capable of adversely affecting cellular physiology, including
metabolism, membrane function, compound transport, transcription, and translation (8,
149). High hydrostatic pressure also favors ionic dissociation, as these favorably decrease

volume through water interaction (149). High hydrostatic pressure can strengthen

15



hydrogen bonds, but does not disrupt covalent bonds unless extremely high pressures are
applied (149). Winter and Jeworrek (184) have postulated that pressure can also affect
structural properties of the surrounding solvent (ie. water), which may further induce
structural and dynamical changes. Bacterial cell membranes are particularly susceptible
to HHP.

Bacterial cell membranes are relatively large, dynamic aggregates of lipids,
proteins, and various carbohydrate derivatives. They are highly sensitive to HHP due to
this heterogeneous composition (184). Application of HHP to membrane systems
increases the packing order of membranes, mimicking the effects of cooling, and can
form additional phases not observed at ambient pressures (184). Ordering effects can
protect membranes, as in the case where water freezes and lamellar membrane structures
are not destroyed by crystallization (37). However, HHP does not necessarily result in
favorable stabilization of molecular aggregates within membranes. Pressure can lead to
unfolding of proteins and exposure of chemical moieties, which may interact and form
structures that do not revert to their original structure upon depressurization (149).
Pressure-induced germination is likely caused by similar conformational disruptions of
germinant receptors within inner membranes (11, 121, 186). Pressure-induced
germination has yielded information on why PATS is more effective than thermal
processing for inactivation of endospores.

Endospore inactivation using HHP was proposed as a two-step process,
beginning with induction of germination followed by inactivation of sensitive cells (10,
11). Pressurization during PATS involves a “come-up” time to reach the specified
pressure, during which considerable inactivation of endospores can occur at appropriate
temperatures (10). Once pressurization is achieved, heat and pressure act synergistically
to enhance protein denaturation and enzyme inactivation. Additional protein denaturation

is considered the main reason for PATS’ enhanced inactivation of endospores (147, 149).
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High temperatures are thought to disrupt inner membrane stability, which results in the
release of DPA (29). During PATS there is also an associated release of intracellular
substances such as metallic ions and SASPs, irreversible hydrolysis of the cortex, and a
decrease in intracellular pH (65, 90, 151, 164). The evidence indicates that compromising
the inner membrane makes an endospore vulnerable to inactivation by heat and pressure
similar to vegetative cells. Therefore, antimicrobial compounds capable of compromising

inner membrane integrity should be capable of enhancing PATS.

1.8 Targeting the Inner Membrane of Endospores

The inner membrane of endospores is a good target for an inactivation strategy
combining PATS with antimicrobials. High hydrostatic pressure in combination with
antimicrobial peptides has been examined to extend storage life and ensure food safety
against vegetative cells (105, 113, 144). This strategy is gaining interest for use against
endospores due to the inner membrane’s role as a permeability barrier, its hydrophobicity,
and the endospores’ metabolic dormancy (63). These three factors highlight the inner
membrane’s role in maintaining endospore resistance, accessibility by hydrophobic
compounds, and the inability of endospores to mount adaptive resistance. The cellular
membrane is known as one of the most pressure-sensitive components of bacteria (184).
The inner membranes of endospores have not been assessed in this respect. However,
they are susceptible regions for HHP effects because they exhibit a high propensity for
morphological and physiological change (45, 190). In addition, germinant receptors are
located within the inner membrane (77, 156), and DPA crosses this barrier during
germination and inactivation (78, 104, 121, 187). These factors suggest the inner

membrane plays a significant role in inactivation of endospores.

1.8.1 Inner Membrane Impermeability
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Intact inner membranes are barriers to chemicals that would otherwise enter the
cores of endospores (155). For instance, the endospore inner membrane is impermeable
to the small hydrophilic molecule methylamine, which rapidly crosses the membranes of
germinated and vegetative cells (31, 154, 170). This membrane is also a barrier to water,
and helps maintain low water activity in conjunction with the cortex. When the inner
membrane integrity is compromised, the core rehydrates and this indirectly facilitates
inactivation of endospores by heat and antimicrobials (58, 95, 109, 156). Mutant
endospores with an altered inner membrane composition have been shown to have higher
core water content (63). Although the mechanism of endospore dehydration is unknown,
these modified endospores exhibit up to a ten-fold increase in sensitivity to wet heat (63).
Griffiths and Setlow (63) provide compelling evidence that compromising inner
membranes leads to loss of wet heat resistance that correlates with increased core water
content. The mechanism for inner membrane impermeability has not been explained (31,
63, 154, 170). However, the evidence suggests that impermeability is a consequence of
unique structural cohesion. Compromising inner membrane structural integrity should be

a priority in strategies for inactivation of endospores.

1.8.2 Hydrophobic Character

Endospores are hydrophobic which allows them to aggregate and leads to
increased resistance to high temperature and pressure (92, 182). Aggregation likely
shields the innermost endospores from disruptive thermodynamic effects. Endospore
aggregation is not attributed to highly specific molecular interactions, and is thought to be
the result of simple hydrophobic interactions. Inner membranes are unlikely to be
involved, as endospore architecture makes direct interaction improbable. However, the
observation of aggregation highlights the hydrophobic properties of endospores. The

hydrophobicity of endospores does not change appreciably during PATS (1).
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These two observations about endospores emphasize the potential for
hydrophobic antimicrobial compounds to be used in combination with PATS.
Hydrophobic antimicrobial compounds should be attracted to endospores from different
species. Such attraction may facilitate accurate localization of compounds to the inner
membrane of the endospore. Resilience of hydrophobicity during PATS suggests that
hydrophobic antimicrobials may be effectively retained once properly situated. It remains
to be seen if such antimicrobials can exert activity to compromise the inner membrane.

Selection of antimicrobials must take into account inner membrane dynamics.

1.8.3 Metabolic Dormancy of Endospores

Lipids of the inner membrane are largely immobile, with mobility returning upon
germination (34). The inner membrane exists in a compressed state, with surface area
expanding 1.5-fold upon germination in the absence of lipid synthesis (34). It is important
to note that the membrane lipids of endospores of Bacillus spp are also similar, in both
quality and quantity, to those of vegetative cells (9, 106, 118, 132). Similar findings have
not been confirmed for Clostridium spp. The evidence suggests that the inner membranes
of endospores are dormant, with little molecular movement, and that the composition
may allow entry by hydrophobic antimicrobial compounds.

Proteins involved in germination are located within inner membranes. This
includes nutrient germinant receptors and SpoVA proteins (75, 122, 177, 178). Modifying
the lipid content of inner membranes has marginal effects on germination (63).
Germination proteins facilitate the release of Ca-DPA and a concomitant entry of water.
Membrane proteins can function within the inner membrane, suggesting that proteins
with membrane activity, such as nisin, may also retain activity. Activity of membrane-
targeting antimicrobials is supported by the use of nisin to control the outgrowth of

endospores of C. botulinum (28, 39, 66, 81, 172). The effects of PATS on this activity
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have not been characterized. It is unknown whether non-protein, hydrophobic
antimicrobials will retain activity within the inner membrane during PATS.

Oligomeric proteins dissociate at low pressures (<200 MPa) (69). Proteins
dissolved in membranes appear to be highly sensitive to pressure changes (176, 191).
Pressure-assisted thermal sterilization may inhibit the activity of hydrophobic
antimicrobials, be they protein or otherwise. Proteins may be the most susceptible to
these effects, as the activity and inactivation of many membrane-bound enzymes depends
on consistent protein structure, a certain degree of membrane fluidity, or both (27, 40).
Membrane proteins and lipids can influence one another simply as a result of their
biochemical nature, making for unpredictable effects when PATS is also applied (184).
Regardless, the prior success in controlling endospores using nisin supports a more in-
depth examination of antimicrobial effects upon endospores during PATS.

Selection of hydrophobic antimicrobials for endospore control during pressure-
assisted thermal sterilization (PATS) should be based on a generic affinity for cellular
membranes. This will ensure targeting of inner membranes of endospores. In other words,
hydrophobic antimicrobials that execute membrane insertion via hydrophobic interaction,
and then compromise membrane barrier properties, are favorable. Nisin and reutericyclin

are two such molecules.

1.9 Nisin and Reutericyclin

1.9.1 Origin of Nisin and Use in Food Processing

Many lactic acid bacteria (LAB) associated with foods produce small, narrow-
spectrum antimicrobial peptides known as bacteriocins (33, 171). Gratia (62) was the
first to observe pathogen inhibition by bacteriocins over 80 years ago. In 1947, a
proteinaceous bacteriocin, originally identified in 1933, was named nisin for “group N

inhibitory substance” (108, 181). It wasn’t long before the deliberate use of bacteriocins
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as food preservatives was proposed (70). Nisin was at the forefront of bacteriocins
considered. First marketed in 1953, nisin has since achieved GRAS status (“generally
regarded as safe”) in the USA (49), and as of 2005 was approved for use in food in over
48 countries (33). In the USA specifically, nisin is confirmed for use against C. botulinum
endospores in pasteurized cheese spreads, as it readily prevents outgrowth and toxin
formation (49, 172). In hard cheese, nisin prevents “late gas blowing” brought about by
germination and outgrowth of endospores of Clostridium spp (39). Nisin is used in high-
and low-acid canned foods to prevent Clostridium and Bacillus outgrowth (28). Using
bacteriocins produced by lactic acid bacteria (LAB) from food fermentations represents
an unprecedented opportunity to manipulate food systems with naturally occurring
compounds, for the express purpose of enhancing food safety (33). Cotter et al (33) make
a sobering assessment, noting that before any naturally occurring compound can be used

in food applications it must first be thoroughly understood on a biological level.

1.9.2 Nisin Mode of Action and Endospore Control During PATS

Nisin belongs to a class of bacteriocins called lantibiotics. Nisin is a polycyclic
peptide with binding specificity for lipid II molecules, and lyses cells via formation of
pores (64). Lantibiotic peptides are posttranslationally modified to form lanthionine rings
(23, 93, 189). Nisin is positively charged, composed of 34 amino acids, and is produced
by the LAB Lactococcus lactis subspecies lactis (41). Nisin is capable of effectively
inactivating bacteria through two mechanisms. First, nisin binds the lipid II molecule in
bacterial cell membranes, preventing completion of new cell septa and preventing cell
wall synthesis (64). This activity is bactericidal in a growing cell culture. The second
mechanism of bacterial inactivation is via trans-membrane pore formation (41). Pore-
formation leads to a loss of intracellular molecules and dissipation of proton motive force

(41). Nisin pores can dissipate a variety of ion gradients, including potassium (53).
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Nisin, among other bacteriocins, has been proven to have an inhibitory effect on
endospores (94, 114). The combined effects of nisin and HHP against bacteria have been
examined (66, 81). Lopez-Pedemonte et al (94) examined the effects of nisin and
lysozyme on endospores during HHP alone. Nisin facilitated an inactivation of
approximately 2.5-log after moderate pressure treatment (400 MPa), whereas lysozyme
had little to no effect (94). The effects of HHP and nisin in combination with heat on
Gram-positive endospores, including those of C. botulinum, have also been examined
(56, 168). The use of HHP and 60°C with either nisin or pediocin extended the storage
life of cooked roast beef slices, based on inhibition of bacterial growth, when held at 4°C
to 84 days (80). In a separate example, pressures between 300 and 700 MPa were used in
concert with temperatures between 30°C and 70°C (56); the application of nisin during
PATS reduced the temperature, pressure, or time parameters required to inactivate food-
relevant endospores, as in the case of C. botulinum 33A (56). Other bacteriocins in
combination with HHP have also shown potential in this respect (12, 81). Nisin is an
ideal antimicrobial for studying the effects of hydrophobic antimicrobials on endospores.
Nisin’s ability to enhance inactivation of endospores by PATS, its targeting of cell
membranes, and well-characterized biochemistry makes it ideal for the study of
physicochemical effects of hydrophobic antimicrobials on the inner membranes of

endospores during PATS.

1.9.3 Origin, Mode of Action, and Use of Reutericyclin in Food Processing
Reutericyclin was the first low molecular weight antibiotic isolated from a lactic
acid bacteria fermentation (73). Lactobacillus reuteri, a sourdough starter culture, was
identified as producing reutericyclin (54). Reutericyclin has undergone substantial study
to elucidate its biochemistry, and it is now known that this compound is a unique tetramic

acid (51, 54, 73). Reutericyclin is highly hydrophobic, negatively charged, and partitions
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favorably into cytoplasmic membranes (53, 54). Reutericyclin also exhibits bactericidal
activity.

Reutericyclin inactivates Gram-positive organisms via proton-ionophore activity
(51, 54). The outer membrane of Gram-negative organisms affords them protection. Once
inserted into a cell membrane, reutericyclin effectively dissipates proton gradients and
nullifies any associated proton motive force (51, 54). Reutericyclin can inhibit lactic acid
bacteria, as observed in Lactobacillus spp (53). Reutericyclin can inhibit germination of
endospores and cell growth in Bacillus spp (51). It is not presently added intentionally to
food products to improve food safety, but reutericyclin can enhance the persistence of
sourdough starter cultures (52). Reutericyclin can be added indirectly via appropriate
starter culture selection (50). Reutericyclin has potential as an additive for extending
product shelf life and may achieve acceptance for this purpose quickly, given its origin
(33).

No studies using PATS in combination with reutericyclin for control of
endospores have been reported. Reutericyclin’s hydrophobic nature, and proven ability to
prevent germination of endospores of Bacillus spp make it a suitable candidate for this
study. It is important to note that divalent cations in millimolar concentrations can
counteract the activity of reutericyclin (55). It remains to be seen if calcium ion levels
released from the cores of endospores during PATS could result in a protective effect.

This consideration is relevant due to the use of calcium in canning of foods (163).

1.10 Research Objectives
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Consumer demand is increasing for low-acid, shelf-stable, minimally processed
foods that retain a high degree of quality. Conventional thermal processing cannot meet
these demands. Pressure-assisted thermal sterilization can minimize the processing
parameters needed, but bacterial endospores exhibit variable resistance, making industrial
implementation of this technology problematic. It may be possible to enhance
inactivation of endospores by PATS by simultaneously using membrane-targeting
antimicrobial compounds. Research into the efficacy of this hurdle approach is in its
infancy, and a comprehensive understanding of the physicochemistry does not yet exist.
Expanding current knowledge about PATS hurdle technology will help facilitate its
acceptance by the food industry and regulators for control of endospores.

This project examined the hypothesis that antimicrobial compounds can be used
to target inner membranes of endospores and thereby enhance inactivation by PATS. The
objectives of this project were as follows:

1. Determine the resistance of endospores of Clostridium spp to nisin and
reutericyclin during PATS.

2. Determine the composition of the inner membrane of endospores of Clostridium
spp, and assess membrane fluidity in sifu and ex situ of PATS treated endospores

to provide a physicochemical explanation for variability in resistance.

The thesis project aimed to undertake two stages of research in order to assess a
PATS hurdle approach that targets inner membranes of endospores. Efficacy of
membrane-targeting compounds must first be assessed. In doing so, endospore
inactivation profiles must be established in combination with commercially relevant
PATS parameters and bacterial strains. Use of species of Clostridium is preferable, due to
their problematic association with food and genetic relation to C. botulinum. Using

endospores other than C. botulinum as surrogates is an accepted method within the
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literature (2). Endospores of Bacillus spp have been well studied, due to ease of genetic
and microbiological manipulation. Endospores of Clostridium spp, in contrast, remain
shrouded in mystery (155).

The second stage of research should attempt to explain differences observed in
endospore inactivation kinetics. The chemistry of antimicrobials must be well
characterized, and modes of activity known, as this information is critical in
complementing gaps in knowledge of endospore physiology. These characteristics may
also help explain novel observations. Nisin and reutericyclin are well suited to this study
because both are well characterized, of lactic acid bacteria origin, and target bacterial cell
membranes (51, 96). Nisin and reutericyclin also have different mechanisms of
antimicrobial activity that will allow for comparison. It may be necessary to use
unconventional approaches to explain effects on the inner membrane, but it is not

uncommon in HHP biophysical studies to use unique methods (184).
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2. Effects of Nisin and Reutericyclin on Resistance of Endospores of
Clostridium spp. to Heat and High Pressure’

2.1 Introduction

Bacterial endospores are a dormant form of bacteria ubiquitous in the
environment. Endospores are composed of multiple layers that confer resistance to
adverse conditions, including UV radiation, heat, and chemicals (3, 12, 18, 24, 39).
Endospore dormancy can last millions of years (7). Germination and outgrowth of
endospores can be induced by exposure to nutrients, muropeptides, chemicals, high
temperature, and pressure (28, 38, 40). Within the core of an endospore, dipicolinic acid
(DPA) forms a complex with divalent cations that excludes water, which in turn
contributes to thermal resistance (16, 39). As an endospore germinates, DPA is released
from its core (38). DPA is also released when an endospore’s structural integrity is
compromised by chemicals, heat, or high pressure (38). Measurement of DPA has been
used to examine the inactivation kinetics of Bacillus spp. endospores following thermal
and pressure treatments (19, 22). Loss of DPA contributes to the loss of endospore

thermal resistance (19, 22).

The ubiquity and inherent resistance of endospores makes them a safety concern
for food processors. Clostridium botulinum is the most significant threat (9, 12, 18, 24).
The use of thermal processing to eliminate endospores in foods compromises
organoleptic properties. High-hydrostatic pressure (HHP) has shown promise as an
alternative for inactivating endospores. Pressure-assisted thermal processing (PATP)
makes use of pressure, from 200 to 800 MPa, in combination with heat to enhance

endospore inactivation (1, 15, 34). However, a 5-log reduction of resistant clostridial

1 David Gebhardt and Linda Ho are acknowledged for their contribution to the inactivation
profiles of endospores presented within this chapter.
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endospores is achieved only by processes that operate at high pressure in combination

with 120°C (4, 24, 44).

Application of antimicrobial compounds, such as nisin and the tetramic acid
reutericyclin (13, 21), in combination with moderate heat and pressure, may be suitable to
achieve minimal processing of foods and control of endospore outgrowth and viability.
Nisin, a pore-forming lantibiotic produced by Lactococcus lactis, enhanced the inhibitory
effects of heat and pressure on Bacillus endospores (20, 36). Reutericyclin is a tetramic
acid that acts as a proton-ionophore with potent bactericidal activity against Gram-
positive organisms, including endospores of Bacillus spp. (14). However, only limited
data are available on the inactivation of clostridial endospores by combined application of

nisin, pressure, and temperature (15). Effects of reutericyclin have not been evaluated.

The aim of this study was to examine the effects of high-pressure, temperature,
and nisin or reutericyclin on survival of endospores of selected Clostridium spp. C.
sporogenes ATCC 7955 was chosen for its heat-resistant endospores and genetic
similarity to C. botulinum Group 1 (9); C. beijerinckii ATCC 8260 was chosen due to
implications of involvement in blown-pack meat spoilage and growth at refrigeration
temperature (4 °C) (6); C. difficile 3195 is a gastrointestinal human pathogen. B.
amyloliquefaciens FAD 11/2 was used as a pressure-resistant reference strain (24). Nisin
and reutericyclin were selected because both antimicrobials target cell membranes but
have different modes of activity. Loss of DPA from endospore populations was
quantified by fluorescence spectroscopy in the presence of terbium (Tb) ions, which form
stable fluorescent complexes (19, 37). 4’6-Diamidino-2-phenylindole (DAPI) was used to

determine the accessibility of endospore DNA to chemical compounds (11).
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2.2 Materials and Methods

2.2.1 Strains, Growth and Sporulation Conditions.

Clostridium beijerinckii ATCC 8260, Clostridium difficile 3195 (CanBiocin Inc.,
Edmonton, AB), Clostridium sporogenes ATCC 7955, and Bacillus amyloliquefaciens
FAD 11/2 were inoculated from endospore stocks, maintained at -80°C in 60% glycerol,
into Reinforced Clostridial Media (RCM; Difco, Becton, Dickinson and Company,
Sparks, USA) broth and incubated anaerobically (Clostridium spp.) or aerobically (B.
amyloliquefaciens FAD 11/2) at 37°C. Weihenstephan Siidhang (WSH) media was
prepared as described previously (22). Cultures were sporulated by plating onto the
surface of WSH agar that was incubated anaerobically or aerobically at 37°C. Following
14 d of incubation, sporulation was confirmed by phase-contrast microscopy in which
~95% endospore purity was observed. Endospores were harvested from the surface of
WSH agar plates by washing the surface of the plates with sterile 0.9% saline. Harvested
endospores were washed five times by centrifugation at 2,700 x g and re-suspended in
sterile 0.9% saline. Endospore suspensions were standardized to ODygg values of 0.5, 1.5,
and 2.0 in sterile 0.9% saline. Endospore suspensions were plated onto RCM agar and
incubated anaerobically or aerobically at 37°C for 6 d to verify that increasing ODgg
values corresponded to increasing endospore population densities. An ODggy of 2.0
equated to approximately 10° endospores mL" for each Clostridium sp. and B.
amyloliquefaciens FAD 11/2. Endospore stocks were stored at -20°C. Sterile 0.9% saline

was used as the endospore suspension medium throughout subsequent experiments.

2.2.2 Minimum Inhibitory Concentration (MIC).
Nisin (Chrisaplin, Chr. Hansen HS, Harsholm, Denmark) was diluted in aqueous
0.05% acetic acid solution and stored at -20°C. Reutericyclin was purified by solvent

extraction from the culture supernatant of Lactobacillus reuteri LTH2584 as described
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(13), and stored in 80:20 isopropanol:water solution at -20°C. The concentration of
reutericyclin was determined by a critical dilution assay using Lactobacillus
sanfranciscensis as an indicator strain (13). Critical dilution assays (13) were used to
determine the MIC of nisin and reutericyclin against endospores and vegetative cells of
Clostridium spp. MIC procedures were carried out in an anaerobic hood. In brief, 100 pL
of RCM broth was added to each well of a microtitre plate. Nisin or reutericyclin stock
solutions (100 pL) were added to separate wells and serially diluted. Stationary phase
cultures of Clostridium spp. or endospore suspensions with an ODg 2.0 were diluted to
one-tenth of the initial concentration in RCM broth, and microtitre plates were inoculated
with 50 pL of the diluted culture. Plates were incubated anaerobically at 37°C for 24 h

(vegetative cells) or 6 d (endospores).

2.2.3 Thermal Treatment of Endospores.

Nisin and reutericyclin were mixed with endospore suspensions (ODgqy 2.0) at
16x the endospore MIC values (16 mg liter” and 6.4 mg liter”, respectively). Endospore
suspensions with antimicrobials were heat-sealed in borosilicate glass capillary tubes
(Disposable Micropipets, Fisher Scientific, Toronto, Canada) and kept on ice overnight
until treatment. Thermal treatments were performed in an oil bath. Samples were placed
into pre-heated canola oil at 90°C, 100°C, and 120°C for up to 60 min. Samples were
stored on ice for <60 min following treatment until extracted from glass capillaries.
Samples were plated onto RCM agar, and incubated anaerobically or aerobically at 37°C

for 6 d.

2.2.4 High Hydrostatic Pressure (HHP) Treatments of Endospores.
Nisin and reutericyclin were mixed with endospore suspensions (ODgq 2.0) at
16X the endospore MIC values (16 mg liter" and 6.4 mg liter’, respectively). Mixed

solutions were heat-sealed in Tygon tubing (Application Specific Tubing, Saint-Gobain
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Performance Plastics, Pittsburg, USA) using a hair-straightener (TONI&GUY®, Model
TGST2976F, London, UK). Samples were kept on ice overnight until treatment. To
achieve isothermal conditions during pressure holding times, adiabatic heating during
compression was compensated for in accordance with heating curves of pressurized
water. Sealed samples were preheated in a water bath to a temperature corresponding to
(target temperature — adiabatic heating). For treatments at 90°C, samples were
conditioned at 74°C for 5 min prior to pressurization. Samples were placed in vessels of a
U111 Unipress (Warsaw, Poland) conditioned at 90°C, compressed to 600 MPa in 1 min
(compression rate unavailable), and held at this pressure and temperature for up to 60
min. Pressure vessels had dimensions of 12 x 58 mm. Temperature control of the pressure
vessels was achieved using an external circulating propylene glycol system (LAUDA
Proline, Delran, USA). Pressure was released in 30 sec following treatment
(depressurization rate unavailable). Samples were stored on ice for <60 min following
treatment, plated onto RCM agar, and incubated anaerobically or aerobically at 37°C for

6d.

2.2.5 Terbium-DPA Fluorescence Assay.

The protocol described by Kort et al. (19) was adapted to a 96-well microtitre
plate. Control samples to determine maximum DPA release were obtained for each
endospore crop using samples heated at 120°C for 60 min. Standardized endospore
suspensions were subjected to HHP or thermal treatments as described above. Samples
were centrifuged (10,600 x g for 4 min.) to remove insoluble material. Following
centrifugation, supernatants were transferred into a 96-well microtitre plate and mixed
with an equal volume of 20 mM terbium chloride in Tris buffer (pH 7.5). Fluorescence
measurements were done in a spectrofluorometer (Varioskan Flash, Thermo Electron

Corporation, Nepean, Canada) with excitation and emission wavelengths of 270 and 545
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nm, respectively. Results were calculated as % DPA release relative to control samples
prepared from the same endospore suspension. Fluorescence was recorded as relative

fluorescence units (RFU).

2.2.6 4°, 6-Diamidino-2-phenylindole (DAPI) Fluorescence Assay.

Endospores were dyed with DAPI as outlined by Den Blaauwen et al (11).
Samples were immobilized on glass slides using 2% agarose (Sigma-Aldrich, St Louis,
MO). Visualization was done using a fluorescence microscope (Zeiss AXIOVision
Imager, Toronto, Canada) with a Hoechst filter set (Ex. 365 nm; Em. 445 £+ 50 nm). The
fluorescence intensity of five individual endospores was measured and integrated per
treatment (data not shown). All sample measurements were calibrated against background
intensities. Vegetative cells dosed with DAPI were used as maximal fluorescence

intensity controls.

2.3 Results

2.3.1 MIC:s of Nisin and Reutericyclin for Vegetative Cells and Endospores of
Clostridium spp.

The MIC of nisin and reutericyclin against Clostridium spp. vegetative cells and

endospores was determined (Table 2-1). The concentration of nisin required for inhibition

Table 2-1: Minimum inhibitory concentration of nisin and reutericyclin against vegetative cells
and endospores of Clostridium spp.”

Nisin (mg liter™") Reutericyclin (mg liter)
Vegetative Cells Endospores Vegetative Cells Endospores
C. sporogenes 0.23+0.084 1.11+£0.48 0.33+0.12 0.40 +0.00
C. beijerinckii 1.30£0.00 1.09 £0.38 0.33+£0.12 0.27+0.12
C. difficile 5.20£0.00 347+1.50 0.67+£0.23 0.53+£0.23

*Values represent mean + standard deviation of three replicates
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of vegetative cells was similar to that required for inhibition of endospores of all
Clostridium spp., except C. sporogenes (Table 2-1). There was no significant difference
in the MIC of reutericyclin between vegetative cells and endospores of Clostridium spp.
The MIC of reutericyclin against Clostridium spp. endospores and vegetative cells were

lower than those of nisin, except for C. sporogenes vegetative cells (Table 2-1).

2.3.2 Correlation of DPA-Release to Endospore Inactivation.

Terbium-DPA fluorescence assays were done to establish a relationship between
endospore density and DPA levels following lethal thermal treatments of endospores.
Suspensions of C. beijerinckii endospores, standardized to ODg values of 0.25, 0.5, 1.0,
and 2.0, were heated at 120°C for 60 min. As the ODygy values increased, the amount of
DPA released from the endospores increased (data not shown). Treatment of endospores

at 120°C caused a near complete DPA release in under a minute for all three Clostridium

spp. (Figure 2-1).
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Figure 2-1: Release of DPA from endospores of C. difficile (0), C. sporogenes (A), or C.
beijerinckii (0) standardized to ODgo 2.0 and heated at 120°C. Symbols represent means =+
standard deviations of three independent replicates.
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2.3.3 Heat Resistance of Clostridial Endospores.

At 100°C, C. beijerinckii and C. difficile endospores were inactivated within 25
min of treatment (Figure 2-2). Near-maximal DPA release was achieved for C. difficile
and C. beijerinckii after 60 min. The heat inactivation profile for C. sporogenes exhibited
a tailing effect. In comparison to the other strains, C. sporogenes exhibited a higher
resistance and a higher level of DPA release at 100°C with a near-maximal DPA release
occurring at 30 minutes. C. sporogenes and C. beijerinckii were selected for subsequent
experiments to determine the combined sporicidal effects of high temperature, high
pressure, and antimicrobial compounds. C. difficile was omitted from further

investigation as its response to heat was similar to other Clostridium spp.
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Figure 2-2: Survival and release of DPA from endospores of C. difficile (e, o), C. sporogenes
(A, A), and C. beijerinckii (m, o). Endospore suspensions were standardized to ODgpo 2.0 and
subjected to treatment at 100°C. Solid symbols: log CFU mL™; Open symbols: % max RFU.
Lines dropping below the x-axis indicate values below the detection limit of 2 log CFU mL™.
Symbols represent means * standard deviations of three independent replicates.
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2.3.4 Endospore Inactivation by High Temperature and Antimicrobials.
Combined thermal and antimicrobial treatments were done to establish kinetics of

inactivation and DPA release for comparison to thermal treatments. No increased
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Figure 2-3: Survival and release of DPA from endospores of C. beijerinckii (A) and C.
sporogenes (B) standardized to ODggo 2.0 and heated to 90°C in the presence of 6.4 mg liter™
reutericyclin (A, A), 16 mg liter”" nisin (m, 0), or in the absence of antimicrobials (e, o). Solid
symbols: log CFU/mL: open symbols: % max RFU. Symbols represent means + standard

inactivation of C. beijerinckii endospores was observed when heated in combination with
nisin and 90°C relative to 90°C alone, but an increase in DPA levels was observed (Figure
2-3A). The application of nisin and heat at 90°C to endospores of C. sporogenes resulted
in a more rapid inactivation in comparison to that observed for endospores of C.
sporogenes at 90°C without nisin, and in comparison to C. beijerinckii (Figure 2-3). The
amount of DPA released was higher when endospores were treated with a combination of
nisin and 90°C relative to 90°C alone. It is important to note that the DPA profiles are
represented on a linear scale, whereas the inactivation of endospores is represented on a
logarithmic scale. Addition of reutericyclin to endospores of C. sporogenes and C.

beijerinckii had no effect on DPA release or endospore inactivation (Figure 2-3).
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2.3.5 Endospore Inactivation by High-Pressure, High Temperature, and

Antimicrobials.

Combined treatments of high-pressure, thermal, and antimicrobials were done to
establish kinetics of inactivation and DPA release for comparison to thermal treatments.
In the absence of antimicrobials, both C. sporogenes and C. beijerinckii endospores
treated at 600 MPa and 90°C displayed more rapid inactivation compared to endospores
heated at 100°C (Figure 2-2) or 90°C (Figure 2-3). Both Clostridium spp. exhibited a
complete release of DPA in the time it took the high-pressure equipment to ramp up to

600 MPa (1 minute) (Figure 2-4).

Nisin and reutericyclin initially accelerated inactivation of C. beijerinckii
endospores at 600 MPa and 90°C, but both compounds induced a tailing effect (Figure 2-
4A). Addition of nisin resulted in a more rapid inactivation of C. sporogenes at 600 MPa
and 90°C relative to 90°C alone (Figure 2-4B). The presence of reutericyclin enhanced

the survival of endospores of C. sporogenes endospores (Figure 2-4B).
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Figure 2-4: Survival and release of DPA from endospores of C. beijerinckii (A) and C. sporogenes
(B) standardized to ODgq 2.0 and treated at 600MPa and 90°C in the presence of 6.4 mg liter”
reutericyclin (A, A), 16 mg liter’ nisin (m, 0), or in the absence of antimicrobials (e, o). Solid
symbols: log CFU/mL; open symbols: % max RFU. Lines dropping below the x-axis indicate
values below the detection limit of 2 log CFU mL". Symbols represent means + standard
deviations of three independent replicates.

Because the effects of nisin and reutericyclin on endospore survival appeared to
be species- or strain-specific, the effect of these antimicrobials on B. amyloliquefaciens
FAD 11/2 was assessed (Figure 2-5). B. amyloliquefaciens was more resistant to heat or
pressure than any of the Clostridium spp. investigated in this study. Reutericyclin had no
effect on endospore survival at 90°C, or at 600 MPa and 90°C. Nisin accelerated
endospore inactivation at 90°C, or at 600 MPa and 90°C when compared to treatments
with reutericyclin or without antimicrobials. In comparison to treatments at 90°C,
pressure accelerated endospore inactivation in the absence of antimicrobials or in the
presence of reutericyclin. However, relative to 90°C, pressure application was capable of

slowing down endospore inactivation when nisin was present.

2.3.6 DAPI Fluorescence in Treated Endospores.

Endospore permeability was assayed by determination of the accessibility of

DAPI to endospore DNA after treatment. Untreated endospores of C. sporogenes and C.
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Figure 2-5: Survival of endospores of B. amyloliquefaciens FAD 11/2 standardized to ODyg
2.0 and treated at 90°C (A) or 90°C and 600 MPa (B). Endospores were treated in presence of
6.4 mg liter” reutericyclin (A ), 16 mg liter”" nisin (m), or in the absence of antimicrobials ().
Symbols represent means + standard deviations of three independent replicates.

beijerinckii did not stain with DAPI, indicating that the endospore was impermeable to
DAPI (Figure 2-6 and data not shown). C. sporogenes and C. beijerinckii endospores
fluoresced after all treatments at 90°C and 600 MPa (Figure 2-6A). An average value of
76 £ 19% and 70 = 23% fluorescence intensity was recorded for endospores relative to
vegetative cells of C. sporogenes and C. beijerinckii, respectively. One hundred percent
fluorescence intensity as observed in vegetative cells was not expected, as endospores are
markedly smaller than vegetative cells. Following treatment at 90°C for 0 to 60 min,
endospores of both C. sporogenes and C. beijerinckii did not exhibit increased
fluorescence after being exposed to DAPI (Figure 2-6B and data not shown). No
fluorescence was observed among samples heated at 90°C in the presence of
reutericyclin, or in the control samples. However, slight fluorescence was observed in
endospores treated at 90°C in the presence of nisin (Figure 2-6B), indicating that nisin

increased the permeability of the endospore to DAPIL.
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Figure 2-6: Photos of endospores of C. sporogenes dyed with DAPI following 0 and 60
minutes of thermal and high-pressure treatment. (A.) = 90°C and 600 MPa; (B.) = 90°C. (i),
phase contrast microscopy; (ii) fluorescence microscopy to detect DAPI fluorescence. Several
photographs were taken for each treatment and five endospores were selected from each
treatment photo. The fluorescence intensities of the five endospores were integrated and
standardized against background interference and vegetative cell controls for each photo.
Comparable results were obtained with endospores of C. beijerinckii (data not shown).

2.4 Discussion

This study suggests that the membrane-active antimicrobial agents nisin and
reutericyclin have divergent effects on the heat or heat and pressure mediated inactivation
of clostridial endospores. Release of DPA from clostridial endospores, as well as their
permeability to DAPI, suggests that this divergent activity of nisin and reutericyclin was

related to their mode of action.

Sensitivity of clostridial cells and endospores to nisin falls within the previously
observed MIC range for Clostridium spp. endospores, ranging from approximately 0.17

mg/L to 59 mg/L (2, 25, 26, 32). Differences in sensitivity to nisin between cells and
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endospores of the same species are common (26, 25). The MICs of reutericyclin towards
Clostridia are not previously reported, but our data are comparable to MICs of Bacillus
spp. and other Gram-positive bacteria (14). In keeping with previous data, reutericyclin
sensitivity of endospores was comparable to vegetative cells (13). Remarkably, the MIC
of reutericyclin towards C. difficile, 1 uM or less, was substantially lower when
compared to the MIC of synthetic tetramic acids, 30 pM, probably reflecting the higher
hydrophobicity of reutericyclin (13, 42). Reutericyclin and nisin were used in high
temperature / high pressure experiments at a concentration exceeding their MIC 16-fold,

corresponding to about 5 uM nisin and 18 uM reutericyclin, respectively.

Endospores of Bacillus spp. release DPA during thermal treatments or high
temperature / high pressure treatments at 98°C to 140°C, and measurement of DPA
release was proposed as a rapid screening tool for the heat resistance of Bacillus
endospores (19, 22). However, pressure-induced release of DPA from endospores of C.
botulinum was observed only after inactivation of more than 90% of the endospore
population (23). Release of DPA from C. beijerinckii and C. sporogenes endospores at
90°C in this study was quite comparable (30 and 50% loss of DPA, respectively, after 60
min treatments). However, sporicidal effects of the same treatments differed by 4-log.
The current results do not support the use of DPA release profiles as a measure of
endospore inactivation for comparison between strains. However, they do allow for intra-
strain comparison of the effects of high temperature or high temperature / high pressure
on endospore inactivation. C. sporogenes and C. beijerinckii endospores released DPA
after treatment at 90°C and 600 MPa with or without antimicrobials; these treatments also
permeabilised endospore walls to DAPI. Thermal treatments without nisin did not allow
access of DAPI to the endospore cytoplasm, and did not result in an appreciable DPA

release. Release of DPA thus corresponded to endospore permeability to DAPI.
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Addition of nisin enhanced inactivation of clostridial endospores in both thermal,
and high temperature / and high-pressure treatments, in keeping with literature data (1,
15, 20, 36), and the expectation that a combination of several antagonistic principles
(nisin, heat, pressure) leads to additive or synergistic effects. Nisin activity against
endospores at high temperature conditions was reflected by accelerated release of DPA,
and an increased DAPI uptake (Figures 2-3 and 2-6). These results are consistent with the
hypothesis that nisin, a pore forming lantibiotic, forms pores in membranes of resting
endospores under high temperature conditions. However, the magnitude of the synergistic
effect of nisin was strongly dependent on the species and decreased in the order B.
amyloliquefaciens > C. sporogenes > C. beijerinckii. For endospores of C. beijerinckii,
the initial synergistic inactivation effect of nisin with high temperature / high pressure

was followed by tailing during later stages of the pressure-death time curve.

In contrast to nisin, and in contrast to the expectation that the combination of
several antagonistic principles enhance sporicidal or bactericidal effects, reutericyclin did
not enhance endospore inactivation, DPA release, or permeability to DAPI by high
temperature or high temperature / high pressure treatments (Figures 2-3, 2-4, and 2-6).
Reutericyclin protected endospores of C. sporogenes during high temperature or high
temperature / high pressure treatments, confirming interaction of the antimicrobial
compound with the endospore envelope. Nisin and reutericyclin target cell membranes,
but exert antimicrobial activity by different mechanisms. Nisin forms pores of a size
expected to accommodate entry of water or DAPL and the release of DPA (21), whereas
reutericyclin acts as a proton ionophore (14). Ionophore activity does not directly
facilitate DPA release and DAPI uptake by endospores. Moreover, the assay systems
used here and elsewhere (13) to determine reutericyclin activity against germinating

endospores does not determine whether reutericyclin is active against resting endospores.
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The mode of action of ionophores necessitates translocation of ions from the outer leaflet
of the cytoplasmic membrane to the inner leaflet. Translocation may be inhibited by
biophysical properties of the endospores’ inner membrane. Lipids of endospore inner
membranes are known to be immobile, with evidence suggesting that a compressed state

is responsible (10).

In conclusion, endospore inactivation by high temperature or high temperature /
high pressure processes may be accelerated by membrane-active antimicrobials.
However, the effect of antimicrobial compounds present during high temperature / high-
pressure treatments on endospore inactivation appears to depend on their mode of action.
Nisin, an antimicrobial that facilitates the release of DPA via pores, accelerated
endospore inactivation but reutericyclin, a proton ionophore, appears to have antagonistic
effects. Increasing demand for minimally-processed, safe food products merits
consideration of mechanisms responsible for endospore resistance. With a more definitive
understanding of endospore physiology, particularly the properties of endospore
membranes and responses to processing, highly specific inactivation strategies can be

designed.
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3. Labeling Endospores of Clostridium spp. with the Fluorescent Probe
LAURDAN'

3.1 Introduction

Bacterial endospores are widely distributed within the environment (13, 54), and
are a significant problem for the food industry. Endospores of Clostridium spp. are
known to cause food spoilage and foodborne illness (9, 11, 18, 72). Endospores resist
thermal processing and 121°C is required for extending the shelf life of foods (40, 65).
Pressure-assisted thermal sterilization (PATS) has been examined as an alternative to
thermal processing for endospore control (51, 84). Unfortunately, variability in endospore
species’ resistance to PATS means high temperatures are still required for food
processing (47, 48, 64, 65).

Resistance of endospores to heat and pressure is attributed primarily to low water
activity within endospore cores (7, 46, 47, 48). A calcium-dipicolinic acid (Ca-DPA)
matrix maintains a low water activity within the core (75). Integrity of the Ca-DPA
matrix is maintained by the inner membrane’s activity as a barrier to the entry of water
from the external environment (56, 75). The release of DPA coincides with rehydration of
the core, and facilitates endospore inactivation by heat and pressure (7, 46, 47, 48). A
better understanding of endospore inner membranes during and after physical and
chemical treatments will yield information useful in designing specific inactivation
strategies for deployment in the food industry.

Researchers have attempted to develop rapid endospore detection techniques
using fluorescent probes (80). Malachite green can be used to detect endospores in

solution, but requires that endospores be permeabilised and thus compromises any

1 Christian Denter is acknowledged for his contribution to the confocal laser scanning
fluorescence microscopy work presented within this chapter.
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information about the inner membrane state (27). Other fluorescence techniques used in
endospore research have focused primarily on germination or sporulation.

Fluorescent dyes have been used extensively to examine germination.
Fluorescent dyes used in this manner depend on the extent to which an endospore
membrane is permeable, and give no other information about the membrane itself. The
terbium ion is often used to complex with DPA in inactivation studies as a measure of
thermal resistance and germination (37, 69). Fluorescent dyes such as SYTO 16, an
indicator of germination, and propidium iodide, an indicator of membrane damage in
vegetative cells (12, 25, 81, 82), are only useful for labeling the interior of endospores
deficient of Ca-DPA (4). The same is true of SYTO 9, Hoechst 33342, and
carboxyfluorescein diacetate (CFDA) (20).

Endospore sporulation studies typically employ green fluorescent protein (GFP),
or an analogue. Protein fluorophores exhibit great utility in studying protein localization
and gene expression during sporulation, specifically in Bacillus spp. (2, 18, 30, 31, 34,
35, 48, 51, 63, 70, 84). GFP has been used to assess sporulation heterogeneity of Bacillus
subtilis cell populations (33), endospore coat protein assembly (86), coat protein
localization (71), as well as lipolytic enzyme localization (46). Yellow fluorescent protein
(YFP) has been used to assess localization of a peptidoglycan synthesis protein to
membranes during sporulation (65). In one study, GFP was used to assess endospore core
pH and degree of dehydration during high pressure, thermal processing that induced
germination (89). GFP and its analogues require oxygen for maturation of the fluorophore
and resulting fluorescence (68). Thus, GFP can only be expressed in aerobic endospore-
forming bacteria such as Bacillus spp. and not Clostridium spp. The oxygen requirement
of this probe precludes its use to examine membrane properties of endospores of

Clostridium spp.
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The membrane dye N-(3-triethylammoniumpropyl)-4-(p-diethylaminophenyl-
hexatrienyl) pyridinium dibromide has been successfully used to dye Bacillus subtilis
cells during sporulation (61). This dye preferentially labels membranes, and was able to
reveal septal biogenesis and engulfment mechanisms of the sporulation process (61).
Following this, endospores of Bacillus subtilis and Bacillus megaterium containing
membrane-specific fluorescent dyes were successfully generated without altering the
sporulation process (19). The fluorescent probes dibromide (FM-4-64) and di-4-ANEPPS
insert into endospore inner membranes and were used to examine inner membrane
fluidity during germination (19). Fluorescence recovery after photobleaching (FRAP) of
di-4-ANEPPS, in addition to volumetric measurements using FM-4-64, determined that
inner membranes of endospores are immobile, with fluidity returning upon germination
(19).

FM-4-64 is useful for volumetric assessment of individual endospores, but its
spectra does not directly give any information about the inner membrane state. FRAP
analysis of di-4-ANEPPS, in contrast, is exquisitely powerful in that it measures
membrane fluidity of individual endospores (19, 37, 38). However, FRAP analysis cannot
rapidly assess inner membrane fluidity of endospore populations. A fluorescence protocol
for assessing inner membrane properties of populations during physical and chemical
trials has not been established.

The goal of this study was to develop a method to measure inner membrane
fluidity of bacterial endospore populations of Clostridium spp. Endospore membranes
were integrated with 6-dodecanoyl-2-dimethylaminonaphthalene (LAURDAN).
LAURDAN has been used in assessing membrane fluidity of vegetative cells, but not
endospores (70, 82). Shifts in the fluorescence spectrum of LAURDAN accurately
indicate differences in membrane fluidity (55), and its use in this respect has been well

established (20, 30, 31, 58, 59, 60, 62, 79). Clostridium sporogenes ATCC 7955 was
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chosen for its heat-resistant endospores and genetic similarity to Clostridium botulinum
Group 1 (15). Clostridium beijerinckii ATCC 8260 was chosen due to potential
involvement in blown-pack meat spoilage and growth at refrigeration temperature (4 °C)
(10). Endospores containing LAURDAN will hereafter be denoted as WSH-L endospores

within this manuscript.

3.2 Materials and Methods

3.2.1 Bacterial Strains and Growth Conditions.

Clostridium beijerinckii ATCC 8260, and Clostridium sporogenes ATCC 7955
cells were inoculated from frozen stocks, held at -80°C in 60% glycerol, into Reinforced
Clostridial Media (RCM; Difco, Sparks, USA) broth and incubated at 37°C,

anaerobically, overnight.

3.2.2 Sporulation and Harvesting Endospores.

Weihenstephan Sudhang (WSH) media was prepared as described by Margosch
et al (46). Endospores containing LAURDAN (Invitrogen, Cat. No. D-250) (WSH-L
endospores) were generated by plating 400 pL of LAURDAN-saturated ethanol onto
individual WSH agar plates, allowing ethanol to evaporate in the absence of light, and
then plating 100 pL of fully grown RCM broth. Plates were incubated anaerobically at
37°C, in absence of light, for 14 days. Sporulation was confirmed using phase-contrast
microscopy in which ~95% endospore purity was observed. Endospores were harvested
from the surface of WSH agar plates by washing with sterile 0.9% saline solution.
Harvested endospores were centrifuged at 2,700 xg for 5 min, and suspended in sterile
0.9% saline. Care was taken to discard the top layer of each cell pellet. Endospore stock
solutions were standardized to ODgy values of 0.5 using sterile 0.9% saline. Control

endospore stock solutions were generated as above, omitting addition of LAURDAN-
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saturated ethanol to WSH agar plates. Standardized endospore stocks were stored at -
20°C. Sterile 0.9% saline was used as the endospore suspension medium in subsequent

manipulations.

3.2.3 Removal of Endospore Coat and Outer Membrane.

Aliquots (1 mL) of WSH-L endospore stock solutions were centrifuged at 2,700
xg for 10 min and supernatant removed. Pellets were suspended in a solution of 0.5%
SDS, 0.1 M dithiothreitol, 0.1 M NaCl (pH 10, adjusted with 1 M NaOH) for 3 hours at
37°C as described by Fitz-James (24). Following incubation, endospores were
centrifuged at 2,700 xg for 10 min and pellets suspended in sterile 0.9% saline to an

ODygp of 0.5. Samples were kept on ice until needed.

3.2.4 Lipid Extraction of Clostridium Cells and Endospores.

Lipid extraction was done according to a modified protocol using comparable
solvents (7). Pellets (0.25 g) of cells and decoated endospores of C. sporogenes ATCC
7955 and C. beijerinckii ATCC 8260 were mixed with 3.75 mL of chloroform, 7.5 mL of
methanol, and 3 mL of 50 mM K,HPO, buffer solution (pH 7.4) in a screw cap vial.
Samples were homogenized on a tissue-tearor for 3 min until pellets were dispersed in the
solvent. Samples were subjected to brief sonication in a water bath before
homogenization to prevent formation of aggregates. Samples were agitated on a shaker
for 1 h at 200 rpm. Equal volumes of chloroform and 50 mM K,HPO, buffer solution (pH
7.4) were added to each sample to generate a biphasic system. Sample containers were
placed on a shaker for 30 min at 200 rpm, and centrifuged at 4000 xg for 20 min. In each
sample, the upper aqueous, non-lipid contaminants were carefully aspirated and the lower
organic lipid phase transferred to a separate Teflon-lined, screw cap vial. These samples
were evaporated to dryness under nitrogen gas, and the lipid film suspended in a small

volume of 2:1 chloroform: methanol (v/v). Samples where stored at -20°C until needed.
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3.2.5 Preparation of Fatty Acid Methyl Esters (FAMEs).

Preparation of FAMEs was done according to Christie (14). A known amount of
total lipids or triacylglycerol in 2:1 chloroform: methanol (v/v) was taken together with
heptadecanoic acid (17:0, internal standard). The mixture was evaporated under nitrogen
gas, and 1 ml of 2% sulphuric acid in methanol (v/v, methylating agent) was added. The
mixture was incubated at 80 °C for 1 h, cooled on ice for 10 min, and neutralized by 0.5
mL 0.5% sodium chloride solution. Fatty acid methyl esters were extracted by addition of
2 x 2 mL aliquots of hexane and vortexing. The two layers were allowed to separate. The
upper hexane layer was recovered. Samples were sent for gas chromatographic analysis,
for quantification of fatty acids, by the Wishart Lab Group (University of Alberta,

Department of Biological Sciences, Edmonton, Alberta, Canada).

3.2.6 Transmission Electron Microscopy (TEM) of Endospores.

Control and decoated WSH-L endospore stock solutions were centrifuged at 2,700 xg for
5 minutes. Pellets were prefixed in 2.5% glutaraldehyde in cacodylate buffer (pH 7.2) at
room temperature for 1 hr. Prefixed samples were centrifuged at 2,700 xg for 5 min and
washed in cacodylate buffer (pH 7.2) for 15 min three times. Samples were then fixed in
1-2 % osmium tetroxide (OsOy) in cacodylate buffer (pH 7.2) at room temperature for 1-3
hs, and washed in distilled water. Washed samples were dehydrated in series using 50%,
70%, 80%, 90%, and absolute ethanol for 15 min each. Two additional dehydration steps
using absolute ethanol were done for 10 min each. Absolute ethanol was replaced with
propylene oxide, incubated at room temperature for 10 min, followed by two more
propylene oxide washes of 10 min each. Samples were then embedded in Araldite CY212
/ propylene oxide mixture for 1 h, followed by a pure Araldite CY212 mixture overnight

in a vacuum desiccator. Polymerization was done at 60°C for 2 days. Samples were

74



observed using a Philips — FEI transmission electron microscope (Morgagni 268)

operating at 80 kV.

3.2.7 Two-Photon Confocal Laser Scanning Microscopy (CLSM) of WSH-L
Endospores.

Control WSH-L and decoated WSH-L endospores (10 pL) were allowed to dry
onto the surface of quartz glass slides. Two-photon excitation microscopy experiments
were recorded by a confocal laser-scanning microscope (Biorad MRC 1024, extended for
multi-photon excitation) coupled via a side-port to an inverted microscope (Nikon,
Eclipse TE-300 DV, infinity corrected optics) enabling fluorescence excitation in the
focal plane of an objective lens (Nikon Plan Apochromat 60x, water immersion, NA =
1.2, collar rim corr.). By focusing a high peak power laser light source on a diffraction-
limited spot, through a high numerical aperture objective, the high photon densities
required for two-photon absorption were achieved. Only fluorophores in areas with high
photon flux were excited. This offered the advantage that two-photon absorption did not
occur in areas above and below the focal plane because of insufficient photon flux
densities, and allowed a sectioning effect without the use of emission pinholes as in
confocal microscopy. Fluorescence in the PMT-channels (emission bandpass filter at 405
nm/(FWHM 35 nm) and at 460 nm, respectively) was acquired simultaneously using a
Ti-Sap-Laser (Coherent, Mira 900-F, 76 MHz repetition rate, ca. 250 fs pulse width,
pumped by a 5 W Verdi) tuned to 800 nm for two-photon excitation of LAURDAN.
Image acquisition was controlled by LaserSharp2000 software (formerly Biorad, now
Zeiss). Images were monitored with a frame rate of ca. 1 Hz, at a resolution of 512 x 512

pixels, and at lowest average laser power of about 10 mW.
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3.2.8 Fluorescence Measurement of Endospores and Cells.

Vegetative cells and control endospores were labeled with LAURDAN as
described previously (50). Overnight cell cultures grown in RCM broth were centrifuged,
at 2,700 xg for 5 min, and suspended in sterile 0.9% saline twice. Ethanol containing
LAURDAN was added to a suspension of cells, and unlabeled endospores, to a final
concentration of 40 uM. Staining with LAURDAN was done in the dark at 30°C for 30
min. Suspensions of vegetative cells, labeled endospores, and WSH-L endospores were
washed twice by centrifuging at 2,700 xg for 5 min and suspending in sterile 0.9% saline.
Suspensions (100 pL) were aliquotted into 96-well microtitre plates in triplicate.
Generalized polarization (GP) values of solutions were calculated using emission values
at 440 nm and 490 nm following excitation at 360 nm using a spectrofluorometer
(Varioskan Flash, Thermo Electron Corporation, Nepean, Canada).

GP = (Is40-1400)/(LaaotLa00)  (3)

Fluorescence emission spectra of labeled, unlabeled, and WSH-L endospores
were measured following excitation at 360 nm using a specrtrofluorometer (SynergyMx,
BioTek, Winooski, USA). Fluorescence emission spectra of labeled and unlabeled cells
and WSH-L endospores were measured following excitation at 360 nm using a different
spectrofluorometer (Varioskan Flash, Thermo Electron Corporation, Nepean, Canada).
The fluorescence emission spectra of 10 mM LAURDAN suspended in 95% ethanol was

measured as above. Little to no fluorescence was observed in unlabeled controls.

3.3 Results

3.3.1 Endospore Viability Following Sporulation in LAURDAN.
Viability of endospores labeled with LAURDAN was assessed to determine
whether LAURDAN labeling adversely affected physiology. Control and LAURDAN-

labeled endospore stock solutions were plated on RCM agar and incubated at 37°C
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anaerobically for 6 days. No difference was observed between colony counts of control

and LAURDAN:-labeled endospores (data not shown).

3.3.2 Removal of Quter Membranes of WSH-L Endospores.

Endospores contain two membranes, both of which can bind to fluorescent dyes,
and removal of the outer membrane was done to examine differences in endospores
containing both membranes, and those with only the inner membrane (61). Transmission
electron microscopy was used to examine the extent to which removal of the outer
membrane affected morphology of WSH-L endospores. Endospores of Clostridium spp.
that contained LAURDAN were subjected to a decoating protocol and compared to
untreated WSH-L endospores using TEM. The decoating protocol successfully removed
the outer membrane and protein coat of endospores of both C. beijerinckii and C.

sporogenes (24) (Figure 3-1).
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Control Decoated

C. sporogenes
ATCC 7955

C. beijerinckii
ATCC 8260

Figure 3-1. Transmission electron microscopy (TEM) photos of endospores of C. sporogenes
and C. beijerinckii with outer membrane and protein coat removed.

The exosporium of endospores of C. sporogenes was severely disrupted, but not
entirely removed (Figure 3-1). Little to no exosporium was observed surrounding
endospores of C. beijerinckii before or after decoating (Figure 3-1). Decoating

endospores did not appear to alter their size relative to untreated endospores (Figure 3-1).

3.3.3 Lipid Composition of Clostridium spp. Cells and Endospores.

Lipid composition of cells and endospores was assessed to compare levels of
unsaturated fatty acids to LAURDAN GP measurements. The cells of C. beijerincki
ATCC 8260 and C. sporogenes ATCC 7955 contained significantly greater quantities of
short chain fatty acids (SCFAs) than respective control and decoated endospores (Table
3-1). Endospores of C. sporogenes ATCC 7955 contained significantly more SCFAs and

saturated fatty acids (SFAs) than those of C. beijerinckii ATCC 8260 (Table 3-1).
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Table 3-1: Total fatty acid content of cells and endospores of Clostridium sporogenes ATCC 7955
and Clostridium beijerinckii ATCC 8260. Short chain (SCFA) and long chain fatty acids (LCFA),
as well as saturated (SFA) and unsaturated fatty acids (USFA), were compared between cells and

endospores.
Clostridium sporogenes ATCC 7955 Clostridium beijerinckii ATCC 8260
. Control Decoated Control Decoated
Fatty Acid Cells Endospores Endospores Cells Endospores endospores
Mol% FA/mg Mol% FA/mg Mol% FA/mg Mol% FA/mg Mol% FA/mg  Mol% FA /mg
lipid + Std. lipid + Std. lipid + Std. lipid + Std. lipid + Std. lipid + Std.
Dev. Dev. Dev. Dev. Dev. Dev.
. 0.208 + 0.0633 0.0765 + 0.287 =
12:0 0.046 +0.017 0.017 0.038 0.164 + 0.038 0.243 £0.12
13:0 0.110 + 0.0662 + 0.0684 + 0.0869 + 0.0789 + 0.0977 +
' 2.3x10"-3 4.7x10"-3 7.2x10"-3 0.012 4.7x10"-3 0.019
14:0 284+13 27.2+0.17 298+24 28.6+5.3 23.7+15 22.1+0.83
— 0.124 + 0.182 + 0.152 + 0.0977 +
i15:0 0.024 2 Ox107-3 2 Ox107-3 0018 0.162+0.014 0.171+0.012
al5:0 2.85+0.26 0.371+£0.087 0.268 £ 0.016 1.73+0.22 0.541 +0.18 0.926 + 0.30
15:0 2.01 +0.098 2.02 +0.050 1.85 +0.093 1.64+0.24 1.40 £ 0.089 1.42 +0.082
i16:0 5.22+0.34 4.89+0.24 3.57+0.33 6.67 £1.0 3.85+0.35 3.30+0.10
16:0 446+1.6 47.2 £ 0.66 455+1.3 442 +1.1 48.3+2.8 47.1+£0.95
16:1 4.95 +0.90 4.83 £0.37 4.96 £0.74 472 +£0.67 3.83+£0.39 497 £0.75
I 0.097 + 0.155 + 0.430 +
i17:0 0.033 0.123 +0.025 3.0¢107-3 0.089 0.132+0.015 0.143 +0.053
17:0cy 1.34 +0.23 1.61+0.24 1.98 + 0.54 2.14 £ 0.63 1.62 + 0.56 2.42 +0.52
18:0 3.88+0.53 4.76 £0.23 459+0.74 3.45+0.34 6.22 £0.41 6.22+1.4
18:1 1.36 £ 0.39 1.49 £0.16 1.68 +£0.15 2.63 +0.044 1.70£0.13 2.18+0.31
18:1(9E) 2.80+0.25 3.59+0.35 2.79+0.31 2.93+0.32 6.56 + 0.61 6.03+0.33
. 0.250 + 0.0836 +
18:2 0.090 0.264 £ 0.079  0.313 +0.067 9 4%10™-3 0.347 £0.097  0.530 + 0.090
) 0.463 + 0.209 +
19:0cy 0.083 0.613 £ 0.084 0.723+£0.11 0.046 0.431+0.10 0.947 £0.21
190 0.858+0.25 0.352+0.038  0.995 +0.20 000 0380:0072 0.722%0.25
. 0.139 + 0.0535 +
20:0 0.099 0.134 +£+0.011 0.170 £ 0.046 0.027 0.162 +0.040 0.162 +0.078
22:0 0.0550 + 0.0617 + 0.0766 + 0.0208 + 0.0706 + 0.0760 +
) 0.020 0.010 0.034 5.3x10"-3 6.0x10"-3 0.040
) 0.300 + 0.0693 +
22:1(13) 0.085 0.179+0.096 0.241 +0.021 0021 0.328+0.048 0.330+0.21

Ratios Compared

P-Values of t-Tests Comparing Fatty Acid Ratios Within Species

Clostridium sporogenes ATCC 7955

SCFA/LCFA

SFA/USFA

Clostridium beijerinckii ATCC 8260

SCFA/LCFA

SFA /USFA

Cells:Control
Endospores
Cells:Decoated
Endospores
Control:Decoated
Endospores

0.053

0.063

0.795

0.293

0.595

0.543

<0.001*

<0.001*

0.323

0.037*

0.009*

0.168

Control : Control
Endospores
Decoated :

Decoated
Endospores

P-Values of t-Tests Comparing Fatty Acid Ratios Between Clostridium spp.

SCFA/LCFA

SFA / USFA

<0.001*

0.002*

0.014*

0.005*

* Statistically significant (P < 0.05).
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3.3.4 Two-Photon CLSM of WSH-L Endospores.

Two-photon CLSM images of control and decoated WSH-L endospores of
Clostridium spp. were used to examine the fluorescence quality of individual endospores.
Two-photon CLSM provided a highly sensitive means of visualizing individual WSH-L

endospores (Figure 3-2).

C. beijerinckii C. sporogenes
ATCC 8260 ATCC 7955
Control Decoated Control Decoated

Figure 3-2. Two-photon confocal laser scanning microscopy photos of WSH-L endospores of
Clostridium spp. before and after decoating. Samples were visualized after at (A) 405 nm and
(B) 460 nm, using bandpass filters, following two-photon excitation.

Fluorescence was observed for both control and decoated WSH-L endospores of
both Clostridium spp. when a 405 nm bandpass filter was used (Figure 3-2). The 405 nm
bandpass filter allowed high (440 nm) and low (490 nm) energy emissions to be detected.
Fluorescence observed using this filter confirms WSH-L endospores fluoresce
individually. No fluorescence was observed when a 460 nm bandpass filter was applied
(Figure 3-2). The 460 nm bandpass filter excludes the low energy emission (490 nm)
from being detected. Decoating did not adversely affect fluorescence of WSH-L

endospores.
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3.3.5 Fluorescence Emission Spectra.

The fluorescence emission spectra of WSH-L endospores (formed during
sporulation) and endospores labeled with LAURDAN after sporulation were recorded,
before and after washing with 0.9% saline, for comparison of dye retention. Unlabeled
endospores of both Clostridium spp. exhibited slight background fluorescence, which was
subtracted from subsequent fluorescence readings. Endospores of both Clostridium spp.
exhibited a higher overall fluorescence intensity when labeled after sporulation in
comparison to WSH-L endospores (Figures 3-3 and 3-4), which take up LAURDAN
during sporulation. However, endospores labeled with LAURDAN after sporulation also
exhibited variable retention of fluorescence intensity after being washed in 0.9% saline.
Endospores of C. sporogenes exhibited a decrease in fluorescence intensity (Figure 3-4C)
after washing, whereas endospores of C. beijerinckii did not (Figure 3-3C). The WSH-L
endospores for both Clostridium spp. retained their original fluorescence intensity after
being washed with 0.9% saline (Figures 3-3E and 3-4E). The WSH-L endospores were
selected for use in subsequent experiments due to this favorably consistent retention of

fluorescence after washing.
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Figure 3-3. Fluorescence emission spectra of endospores of C. beijerinckii labeled after
sporulation or during sporulation (WSH-L endospores) with LAURDAN. Samples were
visualized following excitation at 360 nm using a spectrofluorometer. (A) Unlabeled
endospores; (B) endospores labeled after sporulation; (C) endospores labeled after sporulation
and washed with 0.9% saline; (D) WSH-L endospores; (E) WSH-L endospores washed with

0.9% saline.
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Figure 3-4. Fluorescence emission spectra of endospores of C. sporogenes labeled after
sporulation or during sporulation (WSH-L endospores) with LAURDAN. Samples were
visualized following excitation at 360 nm using a spectrofluorometer. (A) Unlabeled
endospores; (B) endospores labeled after sporulation; (C) endospores labeled after sporulation
and washed with 0.9% saline; (D) WSH-L endospores; (E) WSH-L endospores washed with
0.9% saline.

83



Fluorescence emission spectra, of cells and WSH-L endospores of Clostridium
spp., were recorded for comparison to a control LAURDAN fluorescence emission
spectrum. Suspension of LAURDAN in 95% ethanol exhibited a characteristic emission
peak between 450 and 500 nm (data not shown). Unlabeled cells of Clostridium spp. did
not exhibit detectable fluorescence emission spectra when excited at 360 nm (data not
shown). Labeled cells and WSH-L endospores of Clostridium spp. exhibited detectable

fluorescence emission spectra characteristic of LAURDAN labeling (Figure 3-5).
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Figure 3-5. Fluorescence emission spectra of cells and endospores of Clostridium spp. labeled
with LAURDAN. Samples were visualized following excitation at 360 nm using a
spectrofluorometer. (A) Cells of C. beijerinckii ATCC 8260; (B) cells of C. sporogenes ATCC
7955; (C) endospores of C. beijerinckii ATCC 8260; (D) endospores of C. sporogenes ATCC
7955.

3.3.6 Generalized Polarization Values of WSH-L Endospores and LAURDAN-
Labeled Cells.
Generalized polarization values were calculated to quantitatively compare

fluorescence of LAURDAN-labeled cells to WSH-L endospores, and to determine

whether decoating quantitatively affected fluorescence of endospores. Generalized
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polarization values of control WSH-L endospores were not significantly different from
GP values of decoated WSH-L endospores for both strains of Clostridium spp. (Table 3-
2). The GP values of both untreated and decoated WSH-L endospores were substantially
higher than those of labeled cells (Table 3-2).

Table 3-2. Generalized polarization values of cells and endospores of Clostridium spp. labeled

with LAURDAN and suspended in 0.9% saline.”

Control Decoated
Cells Endospores Endospores
C. beijerinckii 0.35+0.00 0.73+0.00 0.74 + 0.027
C. sporogenes 0.31+£0.012 0.77 £ 0.010 0.77 £0.031

* Values represent mean + standard deviation of three replicates.

3.4 Discussion

This study established a protocol for labeling and measuring inner membrane
fluidity of endospores of Clostridium spp. The effect of removing the outer membrane of
endospores on LAURDAN fluorescence was measured using two-photon CLSM and GP
values. Measuring inner membrane fluidity has potential utility for determining effects of
membrane-specific antimicrobials, high pressure, and heat on endospores during and after
exposure.

Transmission electron microscopy confirms that decoating of WSH-L endospores
of Clostridium spp. effectively removes the outer membrane, and induces visible changes
consistent with decoating of other species of endospores (5, 24). The core, inner
membrane, germ cell wall, cortex, outer membrane and protein coat are visible in both C.
sporogenes ATCC 7955 and C. beijerinckii ATCC 8260, and are comparable to those
observed in endospores of Bacillus cereus and Bacillus megaterium (5, 24). Endospores
of C. sporogenes ATCC 7955 possess an exosporium, whereas those of C. beijerinckii

ATCC 8260 do not. The presence of an exosporium is species-dependent, and not an
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essential component of endospore resistance (40). Labeling endospores of Clostridium
spp. with LAURDAN does not appear to cause any overt physical alterations.
LAURDAN is a fluorophore that preferentially accumulates within hydrophobic regions,
and it is possible that the outer membrane of endospores sequesters enough of the
fluorophore to influence measurements (60, 70, 82). Decoating of endospores, therefore,
allows the examination of the influence of the outer membrane on LAURDAN
fluorescence.

Two-photon CLSM reveals WSH-L endospores of Clostridium spp. successfully
retain LAURDAN following sporulation. Fluorescence visualization using two-photon
confocal excitation is preferable to single photon excitation because it does not severely
photobleach samples (3, 55). Decoated and control WSH-L endospores of C. sporogenes
ATCC 7955 and C. beijerinckii ATCC 8260 fluoresce upon two-photon excitation.
Decoating does not appear to adversely affect WSH-L endospore fluorescence. The
absence of WSH-L endospore fluorescence when using a 460 nm bandpass filter, and the
fluorescence observed when using a 405 nm bandpass filter suggest LAURDAN is in a
highly ordered environment. Fluorescence differences observed between bandpass filters
during two-photon CLSM are likely due to the dehydrated state of WSH-L endospores
during readings. Having been dried onto slides, there is a minimum of water present to
facilitate energetic loss of LAURDAN during probe excitation and reorientation within
membranes (60, 70, 82).

The LAURDAN emission spectra measured in cells and endospores of labeled
clostridia are consistent with the spectra of pure LAURDAN. Membranes of cells and
endospores of Clostridium spp. can successfully be labeled with LAURDAN. Endospores
that are labeled during sporulation (WSH-L endospores) appear to retain LAURDAN
more consistently after washing than those labeled after sporulation. Thus, WSH-L

endospores are preferable for experimental use. Fluorescence spectroscopy using
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LAURDAN has been used to differentiate between gel and liquid crystalline phases of
living cells (82). In doing so, values are calculated from LAURDAN emission readings
taken from cell populations in liquid suspension. Theoretically, GP values range from -
1.0 to +1.0 (70). GP values for LAURDAN in membranes of liquid phases typically
range from -0.3 to 0.3, and those in the gel phase from 0.5 to 0.6 (70). Experimentally,
however, values typically range from -0.3 to 0.6 (60). The highest GP values are usually
observed in pure lipid suspensions during gel state measurements (60). Generalized
polarization values of decoated WSH-L endospores of Clostridium spp. do not differ
substantially from those containing the outer membrane. This suggests the outer
membrane of endospores does not sequester LAURDAN to an extent capable of
substantially affecting GP calculations for endospore populations.

The GP values we report for clostridial endospores are high, and indicate a high
level of order consistent with a gel phase membrane. These high GP values agree with
lipid immobility observed in inner membranes of endospores of Bacillus spp. reported
previously (19). Inner membranes exist in a compressed state, with surface areas
expanding 1.5-fold upon germination in the absence of lipid synthesis (19). Membrane
lipids of endospores of Bacillus spp. are similar in both quality and quantity to those of
vegetative cells (7, 55, 64). Endospores of Clostridium spp. in this study differ
significantly from vegetative cells in content of SCFA sans SFAs; however, the extent to
which this difference of content may influence GP measurements is unclear.

In conclusion, endospores containing LAURDAN can successfully be generated
on WSH agar, harvested, and GP values measured. Two-photon CLSM and 96-well
microtitre plate-scale spectrofluorometry are capable of assessing WSH-L endospore
fluorescence of individual endospores and populations, respectively. Outer membranes of
WSH-L endospores can be removed without adversely affecting fluorescence, and do not

appear to sequester LAURDAN in amounts that significantly interfere with readings.
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WSH-L endospores exhibit high GP values consistent with a high degree of inner
membrane lipid packing and immobility. WSH-L endospores may provide a means of
assessing endospore membrane fluidity changes during and after a variety of food-
processing parameters, including exposure to high temperature, pressure, and

antimicrobials.
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4. Membrane Fluidity of Endospores of Clostridium spp. During Pressure-
Assisted Thermal Processing in Combination with Antimicrobials’

4.1 Introduction

Endospores resist inactivation by thermal and pressure-assisted thermal
processing used in extending storage life, and ensuring safety of foods (23, 40, 46, 47, 48,
64, 65). Multiple, distinct layers compose an endospore, and contribute to resistance and
metabolic dormancy (75). The core of an endospore contains a matrix of calcium and
dipicolinic acid (Ca-DPA) that keeps water activity low (74). This low water activity is
thought to be the main contributor to endospore thermal resistance (75). Compromising
membrane integrity of endospores rehydrates the core, and facilitates subsequent
inactivation of endospores by heat, pressure, and antimicrobials (29, 42, 50, 74).
Pressure-assisted thermal sterilization (PATS) has been examined as an alternative to
thermal processing for inactivation of endospores (84, 51). PATS utilizes pressure (200 to
800 MPa) and temperature (90 — 120°C) to achieve inactivation of endospores (1, 28, 65).
Pressure-assisted thermal sterilization forces the release of DPA, rehydrates cores of
endospores, and allows for thermal inactivation (7, 48, 47, 46). Variability in resistance to
PATS exists among endospores of Clostridium botulinum, and temperatures required for
inactivation range from 50 — 120°C (47, 48, 64, 65). Furthermore, high pressures in
combination with heat have also been shown to stabilize endospores (46).

Use of antimicrobials in concert with PATS in food processing may enhance
inactivation of endospores at lower temperatures, thus maintaining product safety and
quality. Some bacteriocins and the tetramic acid reutericyclin exhibit suitable

antimicrobial activity (26, 43). Of the bacteriocins, nisin is a pore-forming lantibiotic

1 Professor Roland Winter is acknowledged for his contribution to the fourier-transform infrared
spectroscopy work presented within this chapter.
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produced by Lactococcus lactis subspecies lactis, and enhances inactivation of
endospores by heat and pressure (28, 41, 68, 81). Reutericyclin, a proton-ionophore
produced by Lactobacillus reuteri, exhibits bactericidal activity against Gram-positive
organisms, including endospores (27). Both nisin and reutericyclin target cell membranes,
though they exert antimicrobial activity by very different mechanisms (27, 43).
Inactivation of endospores in the presence of nisin and reutericyclin may be due to the
release of Ca-DPA caused by PATS or heat, which leads to regained sensitivity to the
antimicrobial compound. Alternatively, antimicrobials may increase loss of Ca-DPA and
subsequently facilitate denaturation of protein by heat and pressure. Endospores possess
an outer and inner membrane (6, 49, 56, 63). The inner membrane exists in a compressed
state, with the surface area expanding 1.5-fold upon germination in the absence of lipid
synthesis (19). Lipids within the inner membrane of endospores are immobile, regaining
mobility only upon germination (19).

An improved understanding of the effect of pressure, nisin, and reutericyclin on
membranes of endospores will facilitate the development of a strategy to enhance control
of endospores using PATS. Effects of nisin and reutericyclin on vegetative cells are well
documented (26, 35). Although both are effective against endospores, little is known
about their physiological effects on inner membranes of endospores, or about these
membranes in general.

Measurement of membrane fluidity using LAURDAN with nisin and
reutericyclin has been done using cells of Lactobacillus reuteri (72). Shifts in the
fluorescence spectrum of LAURDAN accurately indicate differences in membrane
fluidity (55), and its use in this respect has been well established (58, 60, 59, 79, 20, 30,
62, 31). Previous work has shown that endospores can successfully be labeled with
LAURDAN, and that the outer membrane of endospores does not appreciably sequester

the fluorescent dye (Chapter 3, this thesis). The goal of this study was to examine effects
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of high pressure, temperature, nisin, and reutericyclin on membrane fluidity of
endospores of food-relevant Clostridium spp. Nisin and reutericyclin were selected due to
their food-related, lactic acid bacteria (LAB) origins, efficacy against endospores,
membrane-specific activity, and different modes of action (21, 27, 28, 34, 41, 68, 81).
Clostridium sporogenes ATCC 7955 was chosen for its heat-resistant endospores and
genetic similarity to Clostridium botulinum (15). Clostridium beijerinckii ATCC 8260
was chosen due to potential involvement in blown-pack meat spoilage and growth at 4°C

(10). Endospores containing LAURDAN are hereafter denoted as WSH-L endospores.

4.2 Materials and Methods

4.2.1 Bacterial Strains and Growth Conditions.

Cells of Clostridium beijerinckii ATCC 8260, and Clostridium sporogenes
ATCC 7955 were grown by inoculating Reinforced Clostridial Media (RCM; Difco,
Sparks, USA) broth with endospores maintained at -80°C in 60% glycerol. Inoculated

broth was incubated at 37°C, overnight, in anaerobic conditions to produce a cell culture.

4.2.2 Sporulation and Harvesting Endospores.

Weihenstephan Sudhang (WSH) media was prepared as described by Margosch
et al (46). Endospores containing 6-dodecanoyl-2-dimethylaminonaphthalene-
(LAURDAN) (Invitrogen) (WSH-L endospores) were generated as described previously
(Chapter 3, this thesis). LAURDAN-saturated ethanol (400 plL) was plated onto
individual WSH agar plates, the ethanol allowed to evaporate in the absence of light, and
100 uL of fully-grown cultures were plated onto the surface in an anaerobic hood. Plates
were incubated at 37°C, in absence of light in an anaerobic hood for 14 days. Control
endospore stocks were generated as above, omitting addition of LAURDAN-saturated

ethanol. Following incubation, sporulation was confirmed using phase-contrast
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microscopy in which ~95% endospore purity was observed. Endospores were harvested
from the surface of WSH agar plates by washing with sterile 0.9% saline. Harvested
endospores were centrifuged at 2,700 xg, and suspended in sterile 0.9% saline. Care was
taken to discard the top layer of slurry of each cell pellet, as this contained the majority of
cell debris. Endospore stock solutions were standardized to ODgg, values of 0.5 for WSH-
L endospores, and 2.0 for control endospores, with sterile 0.9% saline. The lower ODgg
value was used for WSH-L endospores to provide accurate LAURDAN fluorescence
readings. Stock endospore solutions were plated on RCM agar and incubated at 37°C
anaerobically for 6 days to verify endospore viability. Standardized endospore stocks
were stored at -20°C until needed. Sterile 0.9% saline was used as the endospore

suspension medium throughout subsequent experiments.

4.2.3 Preparation and Storage of Antimicrobial Compounds.

Nisin (Chrisaplin, Chr. Hansen HS, Horsholm, Denmark) was diluted in 0.05%
acetic acid and stored at -20°C. Reutericyclin was purified from the culture supernatant of
Lactobacillus reuteri LTH2584 and antimicrobial activity quantified as described

previously (26). Reutericyclin was stored in a 80:20 ispropanol:water solution at -20°C.

4.2.4 Preparation of Dipalmitoylphosphatidylcholine (DPPC) Vesicles Containing
LAURDAN.

DPPC was weighed into Eppendorf tubes (1.5 mL) to 0.5 mg, and suspended in
100 pL chloroform. LAURDAN in chloroform (1.36 uL of 1 mM) was added. The
chloroform was evaporated using nitrogen gas. Samples were freeze-dried overnight in
absence of light. Freeze-dried samples were suspended in 1 mL of distilled water and
warmed to 65°C for 15 min in a sonicating waterbath. Samples were frozen in liquid
nitrogen for 5 min, followed by warming to 65°C in a waterbath; this step was repeated

four times. Aliquots (293 ulL) were mixed with 707 uL distilled water and kept at -20°C
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until scanned (ISS K2 Multifrequency Fluorometer, spindle press and pressure gauge).
Nisin and reutericyclin were mixed with DPPC solutions at 16 mg/L and 6.4 mg/L,
respectively, prior to fluorescence measurements. GP values were calculated using
emission values at 440 nm and 490 nm following excitation at 360 nm.

GP = (Lsa0-1400)/(TaaotLao0) ~ (3)

Theoretically, GP values range from -1.0 to +1.0 (70). Experimentally, the
values typically range from -0.3 to 0.6 (60). High values are attributed to pure lipid
suspensions, such as DPPC during gel state measurements (60). GP in liquid phases

typically range from -0.3 to 0.3, and gel phase from 0.5 to 0.6 (70).

4.2.5 Fourier-Transform Infrared (FT-IR) Spectroscopy.

Samples were prepared as described previously (25). Endospore stock solutions
were washed five times with distilled water and centrifuged at 2,700 xg between washes.
A pipette tip was used to transfer pelleted endospores onto calcium-fluoride windows
(CaF,, 21 mm diameter, 3 mm thickness). Distilled water (10 pL) water was added to the
pellet, and a pipette tip was used to smear the pellet into a thin film covering the FT-IR
cell window. The film was allowed to dry for 8 hs at 50°C. The dried sample film was
sealed between another CaF, window and absorbance spectra measured using a Nicolet
5700 FT-IR spectrometer (Thermo Electron Corporation). Settings were as follows: 256
scans/sample, 2 nm resolution, 0.964 cm™ data spacing, KBr beamsplitter, range of 4000-
1111 nm, velocity of 1.8988, aperture: 9, apodization: Happ-Genzel, phase correction:
Mertz. Temperature control for 90°C at ambient pressure was achieved using a Julabo F-
32 external circulating water bath. Temperatures were increased at a rate of 5°C/10 min,
allowing 5 min for equilibration and FTIR scans. Samples were cooled to 4°C before

measurements were initiated, followed by heating to and holding at 90°C for 60 min. The
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Julabo F-32’s external temperature probe was used to confirm sample temperature

equilibration.

4.2.6 In situ GP Measurements.

Nisin and reutericyclin were mixed with WSH-L endospore stock solutions
(ODgpp 0.5) at 16X MIC values reported previously for endospores of the same
Clostridium spp. (Chapter 2, this thesis) (16 mg/L and 6.4 mg/L respectively). Aliquots of
1 mL were sealed in quartz vials using Dura Seal (Diversified Biotech, Lab Sealing Film,
Sigma Aldrich, Cat. No. DS5-150) and a rubber o-ring. Quartz vials were placed in a
custom high-pressure vessel (approximately 10.5 x 12 mm) and pressurized to 200 MPa,
followed by heating to 90°C (ISS K2 Multifrequency Fluorometer, spindle press and
pressure gauge). Ethanol (95%) was used as the pressurizing medium. Samples were held
at 90°C for 60 min, after which the temperature was decreased to 4°C. Temperatures were
achieved using an external circulating water system (Julabo F-25). GP values were

measured 10 times every 12 seconds. Samples were frozen at -20 °C overnight before

rescanning at 21°C for 5 min.

4.2.7 Ex situ GP Measurements.

Nisin and reutericyclin were mixed with WSH-L endospore stock solutions
(ODggp 0.5) at 16X MIC values reported previously for endospores of the same
Clostridium spp. (Chapter 2, this thesis) (16 mg/L and 6.4 mg/L respectively). Aliquots
(120 pL) were sealed in Tygon tubing (Application Specific Tubing, Saint-Gobain
Performance Plastics, Pittsburg, USA) using a hair-straightener (TONI&GUY®, Model
TGST2976F, London, UK). Samples were kept on ice until needed. Compensation for
adiabatic heating was done, in accordance with heating curves of pressurized water, by
preheating sealed samples in a water bath at 74°C for 5 minutes prior to pressurization.

Samples were placed in vessels of a U111 Unipress (Warsaw, Poland) and pressurized to
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600 MPa in 1 min. at 90 °C, and held at this pressure and temperature for no longer than
60 min. Temperatures were achieved using an external circulating propylene glycol
system (LAUDA Proline, Delran, USA). Samples were stored on ice overnight following
treatment until extracted from sample vessels for GP measurements (Varioskan Flash,

Thermo Electron Corporation, Nepean, Canada).

4.3 Results
4.3.1 Generalized Polarization Measurements of DPPC Vesicles.

Generalized polarization measurements of DPPC vesicles were done to establish
effects of heat, pressure, and antimicrobials, on membrane fluidity of an established
vesicle system. Generalized polarization values of LAURDAN in model DPPC
membrane preparations were recorded during thermal and high pressure thermal
treatments to establish effects of nisin and reutericyclin on membrane phase transitions.
Heating to 90°C resulted in a rapid decrease in GP values below detectable limits for all

treatments (Figure 4-1A).
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Figure 4-1. Generalized polarization of dipalmitoylphosphatidylcholine-LAURDAN vesicles
treated at 90°C (A) or 90°C and 200 MPa (B). Samples were treated in the presence of 6.4 mg
liter”" reutericyclin (red), 16 mg liter" nisin (blue), or in the absence of antimicrobials (black).
Measurements were taken every 12 sec. Displayed values are the average of 10 measurements.
(1) Initiation of heating after 200 MPa achieved; (ii) drop in GP values corresponding to 40 -
45°C; (iii) 90°C achieved; (iv) cooling to 4°C initiated; (v) depressurization.
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Generalized polarization values began decreasing between 40 and 45°C for all
thermal treatments, and were not recovered upon cooling to 4°C. Heating to 90°C at 200
MPa caused a rapid decrease in GP values of control samples and samples containing
reutericyclin; the presence of nisin mitigated the decrease in GP values (Figure 4-1B).
Generalized polarization values began decreasing between 40 and 45°C for all high
pressure thermal treatments. When samples were depressurized, all GP values with the

exception of those of the reutericyclin treatment returned to initial levels (Figure 4-1).

4.3.2 Fourier-Transform Infrared Spectroscopy Scans of Endospores.
Fourier-transform infrared spectroscopy of endospores of Clostridium spp. during
thermal treatments was used as an alternative method to confirm membrane transitions
observed at 90°C using LAURDAN. Both Clostridium spp. exhibited a shift at
wavenumber 2849 /cm to 2853 - 2854 /cm when heated with or without nisin or
reutericyclin (Figure 4-2 and 4-3; A, C, and E). Processing of spectra to the inverted
second derivative confirmed an upward wavenumber shift for both Clostridium spp. for

all treatments (Figure 4-2 and 4-3; B, D, and F).
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Figure 4-2. Fourier-transform infrared spectroscopy (A, C, E) and second derivative spectra
(B, D, F) of WSH-L endospores of C. beijerinckii heated to 90°C. Samples were heated in the
absence of antimicrobials (A, B), the presence of 16 mg liter” nisin (C, D), or the presence of
6.4 mg liter” reutericyclin (E, F). Measurements were taken every 10 min as samples were
heated at a rate of 5°C /10min. (i) CH, asymmetrical stretching absorbance; (ii) gel state
membrane; (iii) fluid state membrane.
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Figure 4-3. Fourier-transform infrared spectroscopy (A, C, E) and second derivative spectra
(B, D, F) of WSH-L endospores of C. sporogenes heated to 90°C. Samples were heated in the
absence of antimicrobials (A, B), the presence of 16 mg liter" nisin (C, D), or the presence of
6.4 mg liter" reutericyclin (E, F). Measurements were taken every 10 min as samples were
heated at a rate of 5°C /10min. (i) CH, asymmetrical stretching absorbance; (ii) gel state
membrane; (iii) fluid state membrane.
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4.3.3 In situ GP Measurements of WSH-L Endospores.
Generalized polarization values of WSH-L endospores, exposed to nisin or
reutericyclin during 90°C or 90°C/200 MPa, were measured to assess membrane fluidity

during treatments. Heating to 90°C at 200 MPa temporarily stabilized GP values for both
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Figure 4-4. Generalized polarization of WSH-L endospores of C. sporogenes and C.
beijerinckii standardized to ODgq 0.5 and treated at 90 °C (A and C) or 90 °C and 200 MPa (B
and D). Samples were treated in the presence of 6.4 mg liter” reutericyclin (red), 16 mg liter”"
nisin (blue), or in the absence of antimicrobials (black). Measurements were taken every 12 sec
during treatments. Displayed values are the average of 10 measurements. (i) Initiation of
heating after 200 MPa achieved; (ii) drop in GP values corresponding to 70 - 75°C; (iii)
cooling to 4°C initiated; (iv) depressurization; (v) initiation of scans following overnight
freezing at -20°C.

Clostridium spp. (Figure 4-4 B and D). A sharp decline and subsequent plateau in GP
values was observed in WSH-L endospores of both Clostridium spp. (Figure 4-4).

Application of 90°C alone produced a more pronounced decrease in GP values than

90°C/200 MPa for both strains (Figure 4-4). The GP values of the 90°C treatments did
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not return to initial levels upon cooling to 4°C (Figure 4-4, A and C). During the 90°C
hold the presence of nisin kept GP values higher than those of the control and
reutericyclin treatments in both Clostridium spp. (Figure 4-4, A and C). Depressurization

resulted in a temporary increase in GP values (Figure 4-4).

4.3.4 Ex situ GP Measurements of WSH-L Endospores.

Generalized polarization values of WSH-L endospores, exposed to nisin or
reutericyclin during 90°C or 90°C/600 MPa, were calculated to assess membrane fluidity
after treatment. Generalized polarization values during treatments at 90°C/600 MPa were
not available; therefore, GP values were measured after treatment. Treatments of 90°C

resulted in lowered GP values, following cooling, in both control and reutericyclin
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Figure 4-5. Generalized polarization of WSH-L endospores of C. sporogenes (A) and C.
beijerinckii (®) standardized to ODgy 0.5 and treated at 90 °C (A) or 90 °C and 600 MPa (B).
Samples were treated in the presence of 6.4 mg liter reutericyclin (grey), 16 mg liter nisin
(white), or in the absence of antimicrobials (black). Measurements were taken after holding
samples overnight at 4°C. Displayed values are the average + standard deviations of 3
measurements.

treatments of both strains (Figure 4-5). The presence of reutericyclin resulted in lower GP
values than the control treatments at 90°C and at 90°C/600 MPa (Figure 4-5). The
presence of nisin mitigated a decline in GP values in samples heated at 90°C for both

Clostridium spp. (Figure 4-5A). Treatment of endospores of Clostridium spp. at 90°C/600
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MPa had no effect on GP values for all treatments of both Clostridium spp., relative to

initial GP values (Figure 4-5B).

4.4 Discussion

Heat and pressure have opposing effects on clostridial endospore membranes,
and these effects can be enhanced by the membrane-active antimicrobials nisin and
reutericyclin. Generalized polarization values of clostridial endospores, as well as melting
curves of a model DPPC membrane system, suggest a combination of nisin and pressure
mitigate the fluidizing effects of heat. Endospores can maintain calcium-dipicolinic acid
(Ca-DPA) in their cores despite a disordered membrane, and Ca-DPA can be released,

and inactivation can occur, without fluidizing the inner membrane.

Spectral shifts in LAURDAN during temperature changes can be monitored to
confirm phase transitions in living cells (70, 82). Measurement of biological membrane
fluidity using LAURDAN with nisin and reutericyclin has been done using cells of
Lactobacillus reuteri (72). However, assessing membrane fluidity in endospores using
LAURDAN is a recent methodology (Chapter 3, this thesis). In this study, melting of the
DPPC model membrane system occurred between 40 and 45°C. This agrees with the
established melting temperature for this system (30). The presence of nisin or
reutericyclin did not appear to affect onset of DPPC vesicle melting temperature when
heated to 90°C at 200 MPa or ambient pressure. Nisin appeared to facilitate the
stabilization of the DPPC system. Readings of LAURDAN during membrane phase
transitions can be corroborated using FT-IR (62).

Fourier-transform infrared spectroscopy scans of cells can yield information on
membrane phase transitions, conformational states of lipids, protein denaturation, and
hydration effects (33, 38, 82). Infrared and LAURDAN fluorescence spectroscopy have

been used to assess the thermodynamic phase state of cytoplasmic membranes during
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pressure treatments (82). With this and the DPPC model membrane system in mind, lipid
phase transitions of clostridia endospores were assessed while heating to 90°C in the
presence of nisin or reutericyclin. Infrared and LAURDAN readings confirm a gel state
of inner membranes and a phase shift caused by temperature. The wavenumber 2850 /cm
is indicative of CH, asymmetrical bond stretching, and a shift to a higher wavenumber is
consistent with a membrane phase transition- in this case, melting (38, 67, 78).
Endospores of both C. beijerinckii ATCC 8260 and C. sporogenes ATCC 7955 exhibited
this characteristic wavenumber shift. Fluorescence readings of LAURDAN in the DPPC
model system, combined with the FT-IR wavenumber shifts in clostridial endospores,
were taken to substantiate the use of LAURDAN GP values to assess membrane fluidity
of endospores in the presence of nisin and reutericyclin.

In situ GP measurements of clostridial endospores heated to 90°C are congruent
with those of the model DPPC vesicle system. Reutericyclin causes an increase in inner
membrane fluidity within clostridial endospores, as indicated by a lower GP value
relative to control and nisin treatments. Reutericyclin preferentially interacts with the
hydrophobic interior of lipid bilayers, and has been shown to increase membrane fluidity
in cells of Lactobacillus reuteri (72). A return to initial GP values was not achieved upon
cooling, or overnight freezing and rescanning at room temperature. Unlike the DPPC
membrane system in which vesicle disintegration was not reversed upon cooling, GP
values of clostridial endospores are able to return to levels indicative of a fluid membrane
state. This suggests that 90°C is capable of permanently altering the highly ordered state
of the inner membrane of endospores. Application of pressure greatly diminishes this
disordering effect.

In situ GP measurements of clostridial endospores heated to 90°C at 200 MPa
highlight the antagonistic effect of pressure on fluidization of membranes. A high degree

of order, consistent with gel-state membranes, was maintained for all treatments of both
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Clostridium spp. Although reutericyclin counteracts this ordering effect to a degree, it
was not to an extent that caused a deviation from the gel-state membrane. In comparison,
the DPPC system exhibited melting curves similar to 90°C treatments, once pressure was
achieved, except in the presence of nisin. Presence of nisin facilitated resistance to
fluidization within the DPPC system during the 90°C/200 MPa treatment.

Ex situ GP measurements of clostridial endospores at 90°C/600 MPa further
illustrated the protective effects of pressure on the order of membranes of endospores
during heating, and allow for comparison to endospore inactivation. Endospores of both
Clostridium spp. maintained GP values consistent with that of a gel state membrane after
exposure to 90°C/600 MPa. Ex situ GP measurements at 90°C are consistent with in situ
measurements, with the exception of samples treated in the presence of nisin. Endospores
of both Clostridium spp. exhibited a return to high GP values ex situ, and thus a high
degree of membrane order. It is possible that the difference in in situ and ex situ GP
measurements of nisin treatments at 90°C can be attributed to sample handling. Ex situ
treatments were held on ice overnight until extraction could take place, whereas in situ
measurements were measured during treatment or after overnight freezing at -20°C.
Membranes in stored ex situ samples may be capable of slow molecular rearrangements
and a return to an ordered membrane state, whereas freezing of the in situ samples
overnight would have prevented this. It is likely that nisin facilitates a return to an
ordered state by virtue of its mode of action. Nisin forms tetrameric pores, contingent on
suitable aggregation of lipids in proximity, thereby possibly introducing order to a
membrane (43).

Opposing effects of heat and pressure on endospore membrane fluidity, in
combination with inactivation kinetics of previous work (Chapter 2, this thesis),
confirmed that clostridial endospores are capable of maintaining a dehydrated, calcium-

dipicolinic acid (Ca-DPA) core despite a fluidized membrane. In previous work, the
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inactivation profiles and release of DPA of Clostridial endospores was assessed using
identical conditions, methods, and bacterial strains (Chapter 2, this thesis). In the case of
thermal treatments, in which all GP values of clostridial endospores dropped, a Ca-DPA
core was maintained despite a highly fluidized membrane. A decline in GP values is
indicative of membrane disruption and accessibility of LAURDAN to surrounding water
molecules (2, 58). In other words, water actively interacts with LAURDAN in the lipid
bilayer at 90°C, but the inner membrane itself retains its barrier properties. The present
findings suggest that lipid bilayers of endospores may lose all measurable rigidity and yet
maintain a Ca-DPA rich core, and thereby retain thermal resistance, although inactivation
can occur (Chapter 3, this thesis). Viability of clostridial endospores is largely unaffected
during the 90°C treatments, unless nisin is present in the case of C. sporogenes ATCC
7955; the presence of nisin during thermal treatment can result in a 90% inactivation of
endospores (Chapter 2, this thesis).

Conversely, high pressure thermal processing was capable of forcing the release
of the majority of Ca-DPA from clostridial endospores without severely compromising
membrane fluidity (Chapter 2, this thesis). The presence of nisin during high pressure
thermal processing had no effect on membrane fluidity, but inactivation of endospores
and levels of released Ca-DPA were high (Chapter 2, this thesis). This suggests that
pressure-mediated release of Ca-DPA occurs predominantly via protein channels
localized in endospore inner membranes. The combination of nisin and 90°C facilitated
release of DPA from clostridial endospores; reutericyclin and 90°C did not (Chapter 2,
this thesis). In situ GP measurements of identical treatments confirmed these treatments
exhibit similar membrane disruption, without DPA release, and that nisin’s pore-forming
activity is the most likely explanation for DPA expulsion.

In conclusion, applying high pressure can counteract the fluidizing effects of heat

on clostridial endospore inner membrane fluidity. Furthermore, this study demonstrates
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that the antimicrobials nisin and reutericyclin reach the inner membranes of endospores
and influence membrane fluidity. When coupled with the inactivation profiles the GP
values suggest that nisin is more or less capable of exerting antimicrobial activity,
whereas reutericyclin does not. Reutericyclin facilitates increased disorder within
membranes during thermal and combined thermal and high pressure treatments. Nisin
facilitates a return to a highly ordered membrane state following high pressure, thermal
processing. These findings indicate that clostridial endospores can be inactivated by heat

and pressure without a necessary fluidization of the inner membrane.
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5. General Discussion and Conclusions

Bacterial endospores, particularly Clostridium spp., remain a threat within the
food supply to both consumers and producers. Hurdle technology has potential for
enhancing the range of products that can be made while maintaining a stringent degree of
food safety. However, within the past two decades, two compounding factors are
positioning endospores at the forefront of food processing. Novel product categories such
as preservative-free, organic, minimally processed, and ready-to-eat meats are being met
with increasing demand by consumers. These products can facilitate the germination and
outgrowth of endospores- particularly psychrotrophic Clostridium spp. in the case of
ready-to-eat meats. The second factor relates to the spontaneous development of
resistance of bacteria to food-grade antimicrobials such as bacteriocins (33). Resistance
to nisin has been reported in C. botulinum (11, 12). This is not surprising given nisin’s
history of use in the food industry, its frequent comparison to antibiotics, and the parallel
development of resistant nosocomial pathogens to antibiotics that has occurred in hospital
settings. The types of resistance observed in foodborne pathogens correlate with changes
in membrane charge, fluidity (7, 16), and cell walls (1, 2, 100, 101). It is thought that
the potential for large-scale resistance via use in foods can be reduced through hurdle
technology, such as PATS in combination with antimicrobials (33).

As PATS gains acceptance within the industry, it is prudent to examine the true
potential for integration into existing hurdle technology. In the current study, a PATS
hurdle approach using membrane-specific antimicrobial compounds was shown to
effectively enhance inactivation of food-relevant endospores of Clostridium spp. Nisin
significantly increased inactivation rates of endospores of Clostridium spp. treated at

90°C/200 MPa, relative to controls and treatments of 90°C without pressurization. In
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contrast, although reutericyclin was able to enhance inactivation kinetics at 90°C/200
MPa, this antimicrobial facilitated tailing effects, and was even prone to enhancing
survival during heating at 90°C without pressurization. Differences between the effects of
nisin and reutericyclin are most likely a result of their different mode of activity.
Although both localize in bacterial membranes, nisin actively forms pores whereas
reutericyclin shuttles protons across the membrane through molecular repositioning. The
pores formed by nisin enhance the release of DPA from endospores, causing a related
loss of thermal resistance as the core of the endospore is rehydrated. Enhanced protein
denaturation is facilitated in this manner, and is suspected to be the main reason for
enhanced inactivation of endospores. Reutericyclin does not compromise the barrier
properties of the membrane of an endospore or lead to a release of DPA. Thus, it does not
appreciably enhance inactivation by way of rehydration of the core of an endospore. It is
likely that reutericyclin enhances inactivation via hurdle technology; that is to say,
reutericyclin exerts antimicrobial activity on heat-injured endospores during germination.
Overall, antimicrobial compounds can enhance the efficacy of existing PATS parameters
in inactivating endospores in a laboratory setting.

The deployment of antimicrobial compounds with PATS in the food industry
comes with two caveats: 1) the combined PATS-antimicrobial approach must be
validated in actual food systems and, 2) antimicrobial agents must be carefully selected
for this approach in order to eliminate the potential for tailing effects that could lead to
endospore survival. The first consideration is not new to the food industry and related
research. A given food system can dramatically impact the efficacy of an antimicrobial
agent. For example, the use of nisin in a raw meat system intended for PATS processing
would be out of the question; nisin is known to complex with glutathione in raw meat,
and is subsequently inactivated (14). Testing of proposed antimicrobial agents would be

meant to discover such undesirable side effects. The second consideration is unique to
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PATS hurdle technology. Based on the findings of the first research objective, it is
reasonable to assume that pore-forming compounds are likely better candidates for
inactivation of endospores than compounds that require a level of metabolic activity.
Selection of an antimicrobial compound for use with heat and pressure necessitates
knowledge of the molecular mechanism involved in inactivation of endospores facilitated
by said antimicrobial compound.

A more detailed understanding of the physiology of bacterial endospores during
PATS would be helpful to accurately begin to assess antimicrobial compounds for
possible deployment in the food industry. Current theory of endospores supposes the
inner membrane is the primary barrier to rehydration, and thus a barrier to
thermodynamic denaturation of vital cytoplasmic proteins leading to inactivation. With
this in mind, the second objective of this research was to explain the inactivation
mechanism of endospores. Nisin and reutericyclin were deliberately chosen for this
project because they both preferentially partition and exert their mode of action within

bacterial cell membranes (51, 96). Furthermore, their chemistry is well characterized and

may complement gaps in knowledge of endospore physiology (51, 96). At the outset of
the second objective, the use of the fluorescent probe LAURDAN to assess membrane
fluidity during PATS was proposed, as LAURDAN has been well established in this
regard. Endospores of Clostridium spp. were sporulated in media infused with
LAURDAN and examined for their experimental utility. Qualitative and quantitative
analyses of LAURDAN:-labeled endospore fluorescence, coupled with a validated
decoating protocol, were used to verify the use of these unique endospores for assessment
of inner membrane fluidity. High GP values recorded for endospores of Clostridium spp.
are indicative of a high degree of order, and are corroborated by observations that the

lipids of the inner membrane of endospores are in an immobile state (34). Overall, this
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method appears to be successful for rapid observation of the inner membranes of entire
populations of endospores.

Endospores of Clostridium spp. labeled with LAURDAN and subjected to
identical trials as in the inactivation kinetics elucidated intriguing information regarding
the inner membrane. Treatment at 90°C greatly reduced the order of inner membranes of
endospores, and indicates a high level of fluidity. In contrast, 90°C/200 MPa and
90°C/600 MPa appeared to preserve the rigidity of inner membranes, and indicate
pressure helps maintain a degree of lipid order. These in situ observations are most
notable for the questions they raise about the nature of the inner membrane of endospores
when compared with kinetics of inactivation and Ca-DPA release.

During the heating at 90°C a 1-log reduction in endospores occurred. With the
current working theory of thermal inactivation of endospores, this means 90% of the
population experienced protein denaturation. Or, perhaps 90% of the population of
endospores experienced irreversible membrane disruption and died during germination,
or a mix of both protein denaturation and irreversible membrane damage occurred. As
little to no DPA was lost from the overall population of endospores following treatment,
the line of evidence suggests proteins essential to endospore viability, located outside of
the core, are denatured. The proteins in question may be membrane-bound germinant
receptors and/or CLEs. Endospores with thermally denatured germinant receptors would
simply not germinate when exposed to nutrient-rich conditions. It is possible that
membrane-bound germinant receptors are not heat-labile, but if CLEs were, the cortex
peptidoglycan of endospores would not be degraded to allow rehydration, expansion of
the core, and germination.

However, during identical thermal treatments, endospores of Clostridium spp.
exhibit little to no Ca-DPA release, yet the inner membrane clearly moves from a gel to

fluid state. Fluidity of the inner membrane of endospores can be altered independently of
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Ca-DPA release during thermal processing. Although it is generally accepted that
endospores are inactivated by heat via protein denaturation, there is a growing line of
evidence that suggests this issue is far more complex. For example, oxidizing agents can
inactivate endospores without causing a subsequent Ca-DPA release (58, 109). Oxidizing
agents damage the inner membrane such that endospores lyse during the process of
germination (155). The organization of lipids within the inner membranes of endospores
may play a critical role in the viability of endospores. Based on GP measurements,
endospores of Clostridium spp. inactivated by heat may in fact be experiencing
irreversible, catastrophic inner membrane damage that leads to subsequent lysing during
germination. These endospores would appear as non-viable during plating. The combined
high pressure, thermal treatments also indicate that the theory of inactivation of
endospores is perhaps more complex.

High pressure combined with heat compromised the thermal resistance of
endospores of Clostridium spp. without causing membranes to fluidize. This was
accompanied by rapid inactivation of endospores along with a complete release of Ca-
DPA from cores. This suggests that high pressure, thermal treatments inactivate
endospores through a series of events different from that of thermal treatments. The
enhanced inactivation of endospores by high pressure, thermal treatments, relative to
thermal treatments alone, is likely a result of destruction of components essential to
viability within cores of endospores (most likely proteins) in addition to external
components. Essential components within the core may have inherent variability in terms
of cytoplasmic distribution, based on endospore inactivation curves for both Bacillus and
Clostridium spp. Progressive levels of Ca-DPA release correspond to progressive
inactivation of populations of endospores. As well, the release of Ca-DPA most likely

occurs by way of endemic membrane protein channels as indicated by high GP values.
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How can endospores maintain a Ca-DPA core during thermal treatments despite
a highly fluidized membrane? How is Ca-DPA released from endospores during high
pressure, thermal treatments despite a highly ordered membrane? To answer these
questions, it is the author’s opinion that a conceptual parsing of the current working
theory of inactivation of endospores must be examined. Specifically, the extent to which
a population of endospores is vulnerable to inactivation via membrane damage and
denaturation of external proteins, versus denaturation of cytoplasmic proteins upon
rehydration.

The objectives of this project have, to an extent, been fulfilled. It is possible to
enhance inactivation of food-relevant clostridial endospores using high pressure, thermal
treatment in concert with antimicrobial agents. However, those agents must be selected
carefully, and have yet to undergo assessment in a food matrix. Inner membranes of
endospores show promise as a highly specific target for future control of endospores in
food. The second research objective illustrates that inner membrane fluidity of endospore
populations show clear disparity between thermal and PATS exposure, and hints at a
more complex mechanism behind the destruction of vital components within endospores.
The extent to which thermodynamic denaturation of proteins and disruption of inner

membranes influence inactivation of endospores remains to be determined.
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