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Abstract

The effects of high pressure, temperature, and antimicrobial compounds on
endospores of Clostridium spp. were examined. Minimal inhibitory concentrations (MIC)
of nisin and reutericyclin were determined for vegetative cells and endospores of C.
sporogenes ATCC 7955, C. beijerinckii ATCC 8260, and C. difficile 3195. Endospores
of C. sporogenes ATCC 7955 and C. beijerinckii ATCC 8260 were exposed to 90°C and
90°C/600 MPa in the presence of 16 mg L™ nisin or 6.4 mg L™ reutericyclin for 0 to 60
min in a 0.9% saline solution. Dipicolinic acid (DPA) release was measured using a
terbium-DPA fluorescence assay, and endospore permeability was assessed using 4”,6-
diamidino-2-phenylindole (DAPI) fluorescence. Vegetative cells of C. sporogenes ATCC
7955 exhibited higher sensitivity to nisin relative to endospores, with MIC values 0.23 +
0.084 mg Lt and 1.11 + 0.48 mg L%, respectively. Nisin increased DPA release when
endospores were treated at 90°C; however, only C. sporogenes ATCC 7955 exhibited
higher inactivation, suggesting strain or species specific effects. Reutericyclin did not
enhance spore inactivation or DPA release. Use of nisin in combination with high
pressure, thermal treatments enhanced inactivation of endospores of Clostridium spp. and

may have application in foods.

Keywords: Clostridium, dipicolinic acid, high-hydrostatic pressure, nisin, reutericyclin
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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 (Beaman and Gerhard,
1986; Esty and Meyer, 1922; Mazotta et al., 1997; Setlow, 2006). Endospore dormancy
can last millions of years (Cano and Borucki, 1995). Germination and outgrowth of
endospores can be induced by exposure to nutrients, muropeptides, chemicals, high
temperature, and pressure (Moir, 2006; Setlow, 2003; Shah et al., 2008). 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 (Gerhardt and Marquis,
1989; Setlow, 2006). As an endospore germinates, DPA is released from its core; DPA is
also released when an endospore’s structural integrity is compromised by chemicals,
heat, or high pressure (Setlow, 2003). Measurement of DPA has been used to examine
the inactivation kinetics of endospores of Bacillus spp. following thermal and pressure
treatments. Loss of DPA contributes to the loss of endospore thermal resistance (Kort et

al., 2005; Margosch et al., 2004a).

The ubiquity and inherent resistance of endospores makes them a safety concern
for food processors. Clostridium botulinum is the most significant threat (Collins and
East, 1998; Esty and Meyer, 1922; Margosch et al., 2004b). 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 ranging

from 200 to 800 MPa, in combination with heat to enhance endospore inactivation (Ahn
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et al., 2007; Gao and Yu, 2008; Reddy et al., 2003). However, a reduction of resistant
clostridial endospores by 5 log (cfu g!) is achieved only by processes that operate at high

pressure in combination with 120 °C (for review, see Black et al., 2007).

Application of antimicrobial compounds, such as nisin and the tetramic acid
reutericyclin (Ganzle et al., 2000; Lubelski et al., 2008), 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, enhances inactivation of Bacillus endospores by heat and pressure
(Lopez-Pedemonte et al., 2003; Roberts and Hoover, 1996). Reutericyclin is a tetramic
acid that acts as a proton-ionophore with potent bactericidal activity against Gram-
positive organisms, including endospores of Bacillus spp. and Clostridium spp. (Génzle,
2004; Hurdle et al., 2011). However, few data are available on the inactivation of
clostridial endospores by combined application of nisin, pressure, and temperature (Gao

and Ju, 2008) and 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 I (Collins and East, 1998); C. beijerinckii ATCC 8260
was chosen due to its ability to grow at refrigeration temperature (4 °C) (Broda et al.,
1996); C. difficile 3195 is a gastrointestinal human pathogen. B. amyloliquefaciens FAD
11/2 was used as a pressure-resistant reference strain (Margosch et al., 2006). Nisin and
reutericyclin were selected as antimicrobials that target cell membranes but have different

modes of action. Nisin is not inactivated by heat or pressure; reutericyclin is a heat- and
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pressure stable tetramic acid derivative (Génzle et al., 2000). Loss of DPA from
endospore populations was quantified by fluorescence spectroscopy in the presence of
terbium (Tb) ions, which form stable fluorescent complexes (Kort et al., 2005). 4°6-
Diamidino-2-phenylindole (DAPI) was used to determine the accessibility of endospore

DNA to chemical compounds (Den Blaauwen et al., 1999).

2. Materials and Methods

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
in sterile water, into Reinforced Clostridial Medium (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 Sudhang (WSH)
medium was prepared as described by Margosch et al. (2004a). Anaerobic handling of
cultures was performed in an anaerobic chamber. 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.
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
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centrifugation at 2,700 x g and re-suspended in sterile 0.9% saline. Endospore
suspensions were standardized to ODeoo 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 ODeoo values corresponded to an
increase in the density of endospore populations. An ODego of 2.0 equated to
approximately 108 endospores/ml for each Clostridium spp. 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. Minimum inhibitory concentration (MIC)

Nisin (Chrisaplin, Chr. Hansen HS, Hgrsholm, Denmark) was diluted in aqueous
0.05% acetic acid and stored at -20 °C. Reutericyclin was purified by solvent extraction
from the culture supernatant of Lactobacillus reuteri LTH2584 as described by Génzle et
al. (2000), 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 (Ganzle et al., 2000). Critical dilution assays
(Génzle et al., 2000) were used to determine the MIC of nisin and reutericyclin against
germination of endospores or growth 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 ODeoo 2.0 were diluted to one-tenth of
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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).

2.3. Thermal treatment of endospores

Nisin and reutericyclin were mixed with endospore suspensions (ODsgo 2.0) at
16X the endospore MIC values (16 mg L and 6.4 mg L™, 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. Initiation of
thermal treatment of samples was taken as the moment samples were placed into pre-
heated oil, and designated as O min treatment time. 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.

2.4. High hydrostatic pressure (HHP) treatment of endospores

Nisin and reutericyclin were mixed with endospore suspensions (ODeoo 2.0) at
16X the endospore MIC values (16 mg L and 6.4 mg L%, 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 compression and 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, held at this pressure and temperature for up to 60 min, and decompressed
in 30 sec or less. Initiation of high-pressure thermal treatment of samples was taken as the
moment samples were fully compressed. Time at which compression was achieved was
designated as 0 min treatment time. 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). Samples were stored on ice for

< 1 h following treatment, plated onto RCM agar, and incubated 37 °C for 6 d.

2.5. Terbium-DPA fluorescence assay

The protocol described by Kort et al. (2005) 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
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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
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).

Terbium-DPA fluorescence assays were done to establish a relationship between
endospore density and % DPA release following lethal thermal treatments of endospores.
Suspensions of C. beijerinckii endospores, standardized to ODeoo values of 0.25, 0.5, 1.0,
and 2.0, were heated at 120 °C for 60 min. Increasing ODsoo Values resulted in a
corresponding increase of the amount of DPA released from the endospores (data not
shown). Treatment of endospores at 120 °C caused a near complete DPA release in under

a minute for all three Clostridium spp. (data not shown).

2.6. 4’°,6-Diamidino-2-phenylindole (DAPI) fluorescence assay

Endospores were dyed with DAPI as outlined by Den Blaauwen et al (1999).
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 individual endospores was measured and integrated in
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quintuplicate per treatment (data not shown). All sample measurements were calibrated
against background intensities. Vegetative cells dosed with DAPI were used as controls

for maximal fluorescence intensity.

3. Results

3.1. MICs 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. The concentration of nisin required for inhibition of
vegetative cells was similar to that required for inhibition of endospores of all
Clostridium spp., except C. sporogenes (Table 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 vegetative cells of C. sporogenes (Table 1). In
subsequent experiments with high temperature / high pressure treatments, reutericyclin
and nisin were used at a concentration exceeding their MIC towards endospores 16-fold,

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

3.2. Heat resistance of endospores
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At 100 °C C. beijerinckii and C. difficile endospores were inactivated within 25
min of treatment (Figure 1). 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 min. 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.

3.3. Inactivation of endospores by high temperature and antimicrobials

The effects of combined thermal and antimicrobial treatments on endospore
inactivation and DPA release were determined and compared to the effects of thermal
treatments alone. No increased 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 released was observed (Figure 2A). 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). Percentage of DPA release was higher when endospores
were treated with a combination of nisin and 90 °C relative to 90 °C alone. Addition of
reutericyclin to endospores of C. sporogenes and C. beijerinckii had no effect on DPA

release or endospore inactivation (Figure 2).
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3.4. Inactivation of endospores by high-pressure, high temperature, and antimicrobials

Combined treatments of high-pressure, thermal, and antimicrobials were done to
determine the effects on endospore 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 were inactivated more rapidly
compared to endospores heated at 100 °C (Figure 1) or 90 °C (Figure 2). 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 min) (Figure 3).

Nisin and reutericyclin initially accelerated inactivation of C. beijerinckii
endospores at 600 MPa and 90 °C, but both compounds induced a tailing effect (Figure
3A). Addition of nisin resulted in a more rapid inactivation of C. sporogenes at 600 MPa
and 90 °C relative to 90 °C alone (Figure 3B). The presence of reutericyclin produced a

tailing effect in the inactivation of C. sporogenes endospores (Figure 3B).

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 4). 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, and at 600 MPa and 90 °C when compared to treatments

with reutericyclin or without antimicrobials. In comparison to treatments at 90 °C,
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pressure accelerated endospore inactivation in the absence of antimicrobials or in the
presence of reutericyclin. However, relative to 90 °C, pressure application did not

accelerate endospore inactivation when nisin was present.

3.5. DAPI fluorescence in treated endospores

To determine whether the divergent effects of nisin and reutericyclin on heat- and
pressure-mediated spore inactivation relate to membrane permeabilization, endospore
permeability was assayed by determination of the accessibility of DAPI to endospore
DNA. Untreated endospores of C. sporogenes and C. beijerinckii did not stain with
DAPI, indicating that endospores were impermeable to DAPI (Figure 6 and data not
shown). C. sporogenes and C. beijerinckii endospores fluoresced after all treatments at 90
°C and 600 MPa (Figure 5A). 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. The observation of 100% fluorescence intensity 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
5B 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, increased fluorescence
was observed in endospores treated at 90 °C in the presence of nisin (Figure 5B),

indicating that nisin increased the permeability of the endospore to DAPI.
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4. Discussion

This study established 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, indicated 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 (Bartoloni et al., 2004; Mazotta et al., 1997; Megrous et al., 1999;
Rayman et al., 1981). The MICs of reutericyclin are comparable to MICs of Bacillus
spp., C. difficile, and other Gram-positive bacteria (Ganzle, 2004; Hurdle et al., 2011). In
keeping with previous data, reutericyclin sensitivity of endospores was comparable to
vegetative cells (Ganzle et al., 2000). 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 uM, probably reflecting the higher hydrophobicity of reutericyclin

(Génzle et al., 2000; Ueda et al., 2010).

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 (Koet et al., 2005; Margosch et al., 2004a). However, pressure-induced
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release of DPA from endospores of C. botulinum was observed only after inactivation of
more than 90% of the endospore population (Margosch et al., 2004b). 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 (cfu g ). 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. Treatments at 90 °C without nisin did not allow access of DAPI to the
endospore cytoplasm, and did not result in an appreciable DPA release. The effect of
nisin on endospore permeability to DAPI corresponded to its effect on DPA release and

spore inactivation, and indicates pore formation in membranes of resting spores.

Addition of nisin enhanced inactivation of clostridial endospores in both thermal,
and high temperature / and high-pressure treatments, in keeping with literature data (Gao
and Yu, 2008; Lopez-Pedemonte et al., 2003; Roberts and Hoover, 1996), 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 3 and 6). The magnitude of the combined 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
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inactivation effect of nisin with high temperature / high pressure was followed by

antagonistic effects and tailing during later stages of the pressure-death time curves.

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. 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 previously shown using the fluorescent membrane-prove LAURDAN
(Hofstetter et al., 2012). Nisin and reutericyclin target cell membranes, but exert
antimicrobial activity by different mechanisms. Nisin forms pores of a size expected to
accommaodate entry of water or DAPI, and the release of DPA (Lubelski et al., 2008),
whereas reutericyclin acts as a proton ionophore (Génzle, 2004). Synergistic effects of
nisin, pressure, and temperature on spore inactivation indicate that nisin interacts with
membranes of resting endospores. lonophore activity does not directly facilitate DPA
release and DAPI uptake by endospores. Moreover, the assay systems used here and
elsewhere (Ganzle et al., 2000) to determine reutericyclin activity against germinating
endospores does not determine whether reutericyclin is active against resting endospores.
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 in a highly compressed and immobile state (Cowan et al.,

2004).
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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, has no effect or antagonistic
effects. Remarkably, the effect of nisin was most pronounced for pressure and heat
resistant B. amyloliquefaciens endospores. The development of high pressure / high
pressure processes for food preservation will benefit from insights into 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 and effective intervention strategies can be designed.
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Figure Legends.

Figure 1. Survival and DPA release from endospores of C. difficile (e, o), C. sporogenes
(A, A), and C. beijerinckii (m, o). Endospore suspensions were standardized to ODsoo
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.

Figure 2. Survival and DPA release from endospores of C. beijerinckii (A) and C.
sporogenes (B) standardized to ODeoo 2.0 and heated to 90 °C in the presence of 6.4 mg
Lt reutericyclin (A, A), 16 mg L™ nisin (m, 0), or in the absence of antimicrobials (e,
o). Solid symbols, log CFU mlI; open symbols, % max RFU. Symbols represent means
+ standard deviations of three independent replicates.

Figure 3. Survival and DPA release from endospores of C. beijerinckii (A) and C.
sporogenes (B) standardized to ODeoo 2.0 and treated at 600 MPa and 90 °C in the
presence of 6.4 mg L reutericyclin (A, A), 16 mg L™ 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.

Figure 4. Survival of endospores of B. amyloliquefaciens FAD 11/2 standardized to
ODesoo 2.0 and treated at 90 °C (A) or 90 °C and 600 MPa (B). Endospores were treated in
presence of 6.4 mg L reutericyclin (A), 16 mg L nisin (m), or in the absence of
antimicrobials (e). Symbols represent means * standard deviations of three independent

replicates.
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Figure 5. Photos of C. sporogenes endospores dyed with DAPI following 0 and 60 min
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.
Photographs shown are representative of results observed in multiple photographs taken
for each treatment, with each photograph showing several dozen of endospores exhibiting
the same behaviour as those shown. The fluorescence intensities of the five endospores
per treatment 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).
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497  Table 1. Hofstetter et al.
498 Table 1. Minimum inhibitory concentration of nisin and reutericyclin against vegetative

499  cells and endospores of Clostridium spp.?

Nisin (mg L) Reutericyclin (mg L)
Vegetative Vegetative
Cells Endospores 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 3.47 £1.50 0.67 £0.23 0.53+£0.23

500  ?*Values represent mean + standard deviation of three replicates.

501
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Figure 1. Hofstetter et al.
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Figure 2. Hofstetter et al.
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Figure 3. Hofstetter et al.
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513  Figure 4. Hofstetter et al.
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516  Figure 5. Hofstetter et al.
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