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Abstract

The combined pressure–thermal inactivation kinetics of spores from three strains of anaerobic (Clostridium sporogenes, C. tyrobutylicum, and
Thermoanaerobacterium thermosaccharolyticum), and six strains of aerobic (Bacillus amyloliquefaciens and B. sphaericus) bacteria were studied.
Spores of these bacteria were prepared in deionized water and treated in a custom-made kinetic tester over various pressure (0.1 and 700 MPa) and
thermal (105 and 121 °C) combinations. Survivor data were modeled using log-linear and Weibull models to obtain relevant kinetic parameters. In
comparison to thermal treatment alone, the combined pressure–thermal conditions accelerated the inactivation of the spores tested. A measurable
fraction of spore populations was inactivated during the pressure come-up time. Pressure-assisted thermal processing (PATP) at 700MPa and 121 °C
for 1 min inactivated up to 7–8 log for some of spores tested. Among bacteria evaluated, based on survivor curve data T. thermosaccharolyticum,
B. amyloliquefaciens Fad 82, and Fad 11/2 were found to produce the most PATP-resistant spores. PATP inactivation plots showed characteristic
upward curvature, which is indicative of the tailing behavior. Since both log-linear and Weibull kinetic models did not consider microbial reduction
during process come-up time, our results demonstrated that the estimated model parameters were not adequate to compare combined pressure–
thermal resistance of various bacterial spores tested.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Over the last decade, high-pressure processing (HPP) has
received great attention as a viable alternative to traditional ther-
mal processing (Ross et al., 2003). HPP can effectively inac-
tivate vegetative cells (Erkmen and Dogan, 2004). However,
pressure treatment alone is not sufficient in inactivating bacterial
spores (San Martín et al., 2002). Recently, many researchers
demonstrated that combining pressure with heat is a promising
method for inactivating bacterial spores (Okazaki et al., 2000;
Ananta et al., 2001). The process is described as pressure-
assisted thermal processing (PATP) or high-pressure thermal
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sterilization (HPTS). This combination process, in general, in-
volves simultaneous application of elevated pressures (up to
700 MPa) and sub-retorting temperatures (90–120 °C) to a pre-
heated food. One of the unique advantages of this technology is
its ability to increase the temperature of the test samples instan-
taneously; this is attributed to heat of compression, resulting
from the rapid pressurization of the sample. This compression
heating helps to reduce the severity of thermal effects encoun-
tered with conventional processing techniques. Relatively few
studies addressed the kinetics of spore inactivation by PATP
(Rovere et al., 1996; Miglioli et al., 1997; Rajan et al., 2006a,b).
Databases containing kinetic parameters, determined under
well-defined process conditions for various target pathogenic
and spoilage microbes, would be beneficial for food processors.

Researchers often use a first order linear kinetics to describe
the thermal inactivation of spores under isothermal process
conditions. The microbial reduction during the come-up time
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Table 1
List of aerobic and anaerobic spores evaluated

Organism Strain Strain designation (current study) Reference

Aerobic Bacillus amyloliquefaciens TMW 2.479, Fad 82 Fad 82 Margosch et al. (2004a,b)
TMW 2.482, Fad 11/2 Fad 11/2 Margosch et al. (2004a,b)
ATCC 23350, F [IFO 15535] ATCC 23350 http://www.atcc.org/
ATCC 49763, H [RUB500] ATCC 49763 http://www.atcc.org/
ATCC 53495, H http://www.atcc.org/

Bacillus sphaericus NZ 14 NZ 14 Robertson, NZ Fonterra Research Centre,
personal communication

Anaerobic Clostridium sporogenes ATCC 7955, NCA 3679 [DSL 767] ATCC 7955 http://www.atcc.org/
Clostridium tyrobutylicum ATCC 25755,VPI [NCIB 10635] ATCC 25755 http://www.atcc.org/
Thermoanaerobacterium
thermosaccharolyticum

ATCC 27384, T9-1 [DSM 572] ATCC 27384 http://www.atcc.org/

322 J. Ahn et al. / International Journal of Food Microbiology 113 (2007) 321–329
is not considered while calculating the decimal reduction (D-
values) due to negligible spore inactivation during shorter come-
up times (Peleg, 1999). Like thermal processing, the PATP
process also includes pressure come-up time, which depends on
the pressure pump employed and target pressure. However,
spore inactivation during PATP come-up time is sometimes
considerable, and its contribution to process lethality cannot be
ignored. Many researchers preferred to use nonlinear over linear
models for PATP process due to characteristic tailing of inac-
tivation plots. Nonlinear models such as biphasic (Cerf, 1977;
Xiong et al., 1999), nth order kinetics (Ananta et al., 2001;
Ardia et al., 2003), log-logistic (Cole et al., 1993; Chen and
Hoover, 2003), modified Gompertz (Xiong et al., 1999; Chen
and Hoover, 2003), and Weibull (Conesa et al., 2003; Chen and
Hoover, 2003; Buzrul and Alpas, 2004), have been proposed to
describe microbial inactivation plots with a shoulder, a tail or
both. Among these, Weibull model gained wider acceptance
because of its flexibility, simplicity, and convenience (Corradini
and Peleg, 2004). The scale factor (b) and the shape factor (n)
describe the extent of inactivation and degree of curvilinearity,
respectively. The Weibull model can be used to fit different
types of inactivation patterns such as downward concave (nN1),
upward concave (nb1), and linear (n=1) curves. The influence
of combined pressure–thermal variables on the nonlinear kinet-
ic model parameters (b and n) is largely unknown (Rajan et al.,
2006b).

Before commercial application of the PATP technology, its
effectiveness against pressure-resistant pathogenic spores
should be assessed. Surrogates of these spores are ideal for val-
idation studies. As in thermal processing,Clostridium botulinum
spores appear to be themost resistant to pressure treatment (Sizer
et al., 2002). Identification of suitable surrogates for the most
PATP-resistant pathogenic spores is essential for demonstrating
the efficacy of this new technology. Therefore, the objective of
this study was to compare the effectiveness of PATP against
selected anaerobic and aerobic bacterial spores, whichmay serve
as C. botulinum surrogates. The study also aimed at measuring
the inactivation kinetic parameters of these spores. The
anaerobic and aerobic bacteria tested in this study are known
to produce relatively high heat-resistance spores (Xezones and
Segmiller, 1965; Santos et al., 1992; Setlow and Johnson, 2001).
Bacillus amyloliquefaciens produces highly PATP-resistant
spores (Margosch et al., 2004b).
2. Materials and methods

2.1. Bacterial strains and culture media

The anaerobic and aerobic bacterial strains used in this study
are shown in Table 1. B. amyloliquefaciens, Clostridium sporo-
genes, C. tyrobutylicum, and Thermoanaerobacterium thermo-
saccharolyticum were purchased from the American Type
Culture Collection (Manassas, VA, USA). B. amyloliquefaciens
TMW 2.479 Fad 82 and B. amyloliquefaciens TMW 2.482 Fad
11/2 were originally isolated from ropy bread (Röcken and
Spicher, 1993) and provided by M. Gänzle, Lehrstuhl für
Technische Mikrobiologie, Technische Universität München
(Freising, Germany). Bacillus sphaericus NZ 14 was provided
by R. Robertson, Fonterra Research Centre (Palmerston Norht,
New Zealand). All anaerobic culture manipulations and incuba-
tions were conducted in an anaerobic chamber (Type B, COY
Laboratory Products Inc., Grass Lake, MI, USA) with auto
airlock system (5% H2/95% N2 mix) and in a GasPak anaerobic
system (BBL, Cockeysville, MD, USA), respectively. C. sporo-
genes, C. tyrobutyricum, and T. thermosaccharolyticum were
cultivated anaerobically in reinforced clostridial medium (RCM;
Oxoid Inc., Ogdensburg, NY, USA) and incubated at 37 °C for
24 h, 37 °C for 24 h, and 55 °C for 32 h, respectively. B.
amyloliquefaciens and B. sphaericuswere cultivated aerobically
in trypticase soy broth supplemented with 0.1% yeast extract
(TSBYE; Difco, Detroit, MI, USA) for 24 h at 32 and 37 °C,
respectively. After the second cultivation in RCM and TSBYE,
the cultures were used to prepare spores.

2.2. Spore production

Spores were produced as reported byRajan et al. (2006a) with
modifications. Cultures (100 μl) of C. sporogenes, C. tyrobutyr-
icum, and T. thermosaccharolyticum were spread-plated on
reinforced clostridial agar (RCA; Oxoid) supplemented with
10 ppm of MnSO4 (Fisher Scientific, Pittsburgh, PA, USA) and
incubated at 37, 37, and 55 °C, respectively. Similarly, the
cultures (100 μl) of B. amyloliquefaciens and B. sphaericus
were spread-plated on TSA containing 10 ppm of MnSO4 and
incubated aerobically at 32 and 37 °C, respectively. The plates
were incubated for up to 15 days until 95% sporulation was
observed by microscopic examination. Spores were collected by
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Table 2
Typical pressure and temperature conditions used during various stages of thermal and pressure-assisted thermal processing

Process pressure
(MPa)

Bath
temperature
(°C)

Come-up time
(min)

Preprocessing
temperature (T1, °C)

Initial sample temperature just before
pressurization (T2, °C)

Process temperature under
pressure (T3, °C)

0.1 105 3.33±0.15 – a 23.20±0.84 104.58±0.41
121 3.00±0.20 – a 24.55±1.06 120.78±0.52

700 105 0.58±0.04 48.45±0.61 57.69±0.78 105.72±0.30
121 0.58±0.04 72.23±0.75 83.70±0.99 121.08±0.28

Mean (n=3) values along with standard deviation.
a For thermal processing samples, no preheating was involved.
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flooding the agar surface with 10 ml sterile distilled water and
scraping the colonies with a sterile glass spreader. Each spore
suspension was washed five times by differential centrifugation,
ranging from 2000 to 8000 ×g for 20 min each at 4 °C, sonicated
for 10 min (SM275HT, peak power 270 W, Crest Ultrasonic,
ETL Testing Laboratories, INC., Cortland, NY, USA), and
heated at 80 °C for 10 min to destroy any remaining vegetative
cells. The spore pellet was resuspended in sterile deionizedwater
to approximately 109 (spore/ml) and stored at 4 °C prior to use
within 30 days of preparation. No significant difference in the
numbers of harvested spores before and after heat treatment
(80 °C for 10 min) was observed.

2.3. Thermal inactivation of spores

The thermal inactivation of various spores suspended in
deionized water was determined at 105 and 121 °C, using
custom-fabricated aluminum tubes (Luechapattanaporn et al.,
2004). Aluminum tubes containing aqueous spore suspension
were submerged simultaneously into a 28-l circulating oil bath
(Fisher Scientific), which was maintained at the desired target
temperature. The sample temperature was monitored and re-
corded by inserting a K-type thermocouple (Omega Engineer-
ing, Stamford, CT, USA) attached to a data logger (IOtech,
Cleveland, OH, USA) into a control aluminum cell containing
the aqueous solution without spores. The thermal come-up time
was recorded when the target temperature was attained (Table 2).
Within the experimental ranges of the study, thermal treatment
had a come-up time of approximately 3.3 min for 105 °C to
3.0 min for 121 °C. A set of aluminum tubes was removed from
the oil bath immediately after the come-up time, and the re-
maining aluminum tubes were removed during various holding
time intervals at an isothermal temperature of 105 °C or 121 °C.
The hold time intervals were different for each target tempera-
ture. After the thermal treatments, the sample-containing tubes
were immersed promptly into an ice-water bath to avoid further
inactivation. Spores surviving the thermal treatment were enu-
merated as described later.

2.4. High-pressure microbial kinetic tester

Pressure-assisted thermal processing (PATP) experiments
were carried out using custom-fabricated high-pressure micro-
bial kinetic testing equipment (Pressure Tester Unit (PT-1),
Avure Technologies, Kent, WA, USA). The unit can be used for
processing samples at pressures up to 700 MPa and process
temperature of less than 130 °C. The pressure chamber is a 54-ml
stainless steel cylinder, immersed in a temperature-controlled
bath. The system was pressurized by an intensifier (M-340 A,
Flow International, Kent, WA). The bath surrounding the pres-
sure chamber was maintained at a suitable temperature (Table 2)
so that the isothermal process conditions could be maintained
throughout the pressure holding time. Propylene glycol (57-55-
6, Avatar Corp., University Park, IL, USA) was used as the
pressure-transmitting fluid. The sample temperature and cham-
ber pressure were recorded every second during the entire treat-
ment cycle using K-type thermocouple sensors (Model
KMQSS-04OU-7; Omega Engineering, Stamford, CT, USA)
and pressure transducer (Model 3399 093 006, Tecsis, Frankfurt,
Germany). A data acquisition computer equipped with relevant
hardware (Daq-Board/2000 16-Bit, 200 kHz PCI card, DBK 81
7-Channel thermocouple expansion card, DBK 203-expansion
card; IOtech, Cleveland, OH, USA) and software (DasyLab
7.00.04; National Instruments Corp., Austin, TX, USA) was
used to record the data. Regardless of the pressurization level,
the pressure device (PT-1) had a come-up of 0.58 min and the
depressurization occurred in less than 1 s.

2.5. Preparing microbial samples for pressure-assisted thermal
processing

Aliquots (1.2 ml) of the aqueous spore suspensions were
individually packaged in sterile plastic pouch (5×2.5 cm; 01-
002-57; Fisher Scientific, Pittsburgh, PA, USA) and sealed
using an impulse heat sealer (American International Electric,
Whittier, CA, USA). The packages were then placed in a sample
carrier consisting of a 10-ml capacity polypropylene syringe
(Model 309604; Becton, Dickinson and Company) covered
with two layers of insulating material. Water was used as the
pressure-transmitting fluid within the syringe. Prior to pressur-
ization experiments, the sample carrier containing the spores
was preheated in a water bath (Isotemp 928; Fisher Scientific) to
a suitable preprocessing temperature, T1 (Table 2).

2.6. Pressure-assisted thermal processing of spore samples

Each preheated sample carrier was immediately loaded into
the chamber of the pressure kinetic tester and the pressurization
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was started when the sample temperature reached a predeter-
mined value, T2 (Table 2). This temperature T2 was estimated
based on the following equation:

T2 ¼ T3−½ðCHÞ � DP�−DTH ð1Þ
where T3 is the desired process temperature (°C) under pressure,
CH (°C/100 MPa) is the compression heating value of the water
(Rasanayagam et al., 2003; Balasubramaniam et al., 2004), ΔP
is the target pressure applied in MPa and ΔTH is the heat
absorbed from the surrounding glycol bath during pressuriza-
tion. Depending upon the target process temperature (T3) and
process pressure, ΔTH was estimated on a trial-and-error basis.
A set of pouches was treated at different pressure–temperature
combinations (as outlined in the Experimental design section)
for various holding times. After pressure treatment, samples were
immediately cooled in an ice bath to avoid further inactivation.
Microbial analysis of the samples was conducted within 2 h
after PATP treatment. Pouches containing the spore samples
were opened aseptically, and their contents were used for de-
termining the total viable spore count as indicated later.
2.7. Experimental design

The experiments were carried out as randomized complete
block design. For anaerobic bacterial spores, the initial numbers
of C. sporogenes, C. tyrobutylicum, and T. thermosaccharoly-
ticum spores suspended in deionized water were approximately
1.2×107 spore/ml. The inoculated samples were treated over
combinations of pressure (0.1 and 700 MPa) and temperature
(105 °C and 121 °C) and the inactivation kinetics parameters
were compared. For the aerobic spore-forming strains, spores
were inoculated in deionized water at approximately 1.8×106

spore/ml, and treated at 105 °C under 0.1 and 700 MPa. For
spores treated at 121 °C, the count of Bacillus spores was
approximately 2.3×108 spore/ml. All the experiments were
independently repeated three times on different days with dup-
licate samples for each thermal or combined pressure–thermal
treatment.

2.8. Enumeration of survivors

Total viable spores of heat- or PATP-treated samples were
directly determined by the pour plating method. Spores suspen-
sions, or dilutions thereof, were pour-plated using TSA medium.
The plates were incubated for 24 to 48 h at 32 °C for B. amylo-
liquefaciens, 37 °C for B. sphaericus, C. tyrobutylicum, and C.
sporogenes, and 55 °C for T. thermosaccharolyticum. Survivors
in samples of low spore count were detected by mixing these
samples with double-strength TSB, incubating the sample for 24
to 48 h, streaking on TSA, incubating the plates for 24 to 48 h, and
examining for visible growth.

2.9. Determination of inactivation kinetic parameters

Survivor curves were constructed by plotting log survivor
fraction against isothermal/isobaric treatment time. The kinetic
parameters for spore inactivation were estimated using log-
linear and Weibull models. D-values were calculated at the
initial linear portion of the survivors plot assuming the loga-
rithmic number of spores is a linear function of the isothermal/
isobaric treatment time:

log
N
N0V

� �
¼ −

t
D

ð2Þ

where N0′=initial spore count, measured immediately after
process (thermal or pressure) come-up time, and N=spore count
after exposure to the thermal or pressure–thermal treatment for a
specific time (t).

The Weibull model (Chen and Hoover, 2003; Buzrul and
Alpas, 2004) is given by:

log
N
N0V

� �
¼ −btn ð3Þ

where b and n are the scale and shape factors, respectively.
The curve fitting and model parameter estimation were done

using nonlinear curve fitting software (Microcal Origin® 7.5,
Microcal Software Inc., Northampton, MA). Regression coef-
ficient (r2) and accuracy factor (Af) values were used to evaluate
the goodness-of-fit (Ross, 1996). While r2 values were obtained
from the analysis, the Af values were calculated using the
following equation:

Af ¼ 10
Rjlogðpredicted=observedÞj

n ð4Þ
where n is the number of observations. The greater the values of
r2 and Af, the better the goodness-of-fit. The maximum value of
Af is 1, which corresponds to the best fit.
2.10. Statistical analysis

Data, as log spore/ml, were analyzed using the Statistical
Analysis System software (SAS 8.2, SAS Institute Inc, Cary,
NC). The General Linear Model (GLM) module of SAS was
used to evaluate the treatment and strain as fixed effects. Sig-
nificant mean differences were calculated by Fisher's Least
Significant Difference (LSD) at pb0.05.

3. Results and discussion

Spores, generally, were inactivated at a fast rate during
pressure come-up time of the combined pressure–thermal treat-
ment. After targeted pressure is attained, PATP-treated spores
exhibited nonlinear behavior with rapid initial inactivation,
followed by moderate inactivation, and a characteristic tailing
during extended pressure holding time (Figs. 1 and 2).

3.1. Inactivation during treatment come-up time

Spores of three anaerobic bacteria and six strains of aerobic
bacteria (Table 1) varied in resistance to thermal and PATP
treatments during the process come-up time (Figs. 1 and 2).
Within the range of experimental conditions studied, B.



Fig. 1. Survivor curves for anaerobic spores in deionized water, subjected to various pressure (0.1 and 700 MPa) and thermal (105 and 121 °C) combinations. The
dotted vertical line indicates the come-up time. Thermal treatments had a come-up time of approximately 3.3 min for 105 °C and 3.0 min for 121 °C. Pressure-assisted
thermal processing had 0.58 min come-up time at 700 MPa. The initial spore population was approximately 1.2×107 spore/ml. A: 105 °C, B: 105 °C+700 MPa, C:
121 °C, D: 121 °C+700 MPa; (●) Clostridium sporogenes ATCC 7955, (▴) Clostridium tyrobutylicum ATCC 25755, and (■) Thermoanaerobacterium
thermosaccharolyticum ATCC 27384. Asterisks indicate no growth in enrichment cultures.
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amyloliquefaciens ATCC 23350 and ATCC 53495 spores were
susceptible to heat particularly at 121 °C, with or without
pressure (700 MPa) during the come-up time (data not shown).
For the other bacterial spores tested, no significant come-up
time reductions were observed during the thermal treatment at
105 °C (Table 3). However, when the temperature increased to
121 °C, these spores exhibited significant log-reductions
( pb0.05) during the come-time (Table 3). Spores of B.
sphaericus NZ 14 and B. amyloliquefaciens ATCC 49763 were
sensitive to thermal treatment at 121 °C; their initial populations
decreased 6–7.1 log spore/ml during the come-up time,
respectively (Table 3).

Time required to raise the temperature of spore suspensions
in the oil bath to 121 °C was approximately 3.0 min, whereas
a similar temperature rise in the pressure kinetic tester was
rapid (Table 2) due to heat compression (Rasanayagam et al.,
2003). The come-up time in the pressure kinetic tester was
fixed at 0.58 min and efforts were not made to match the
come-up time of PATP and thermal treatments. Regardless of
this discrepancy in come-up times greater spore inactivation
was observed when heat was combined with pressure at
700 MPa compared to thermal treatment at 0.1 MPa. Within
the experimental conditions studied, the spores of T. thermo-
saccharolyticum, B. amyloliquefaciens Fad 82 and Fad 11/2
appeared to have the least inactivation during the come-up
time (Table 3). Margosch et al. (2004b) also reported come-up
time reductions in C. botulinum TMW 2.357 (1.5 log-reduc-
tion), C. thermosaccharolyticum (3 log-reduction), B. subtilis
(N5 log-reduction), B. amyloliquefaciens (b0.5 log-reduction)
when the targeted PATP treatment was 600 MPa and 80 °C.
Rajan et al. (2006b) reported ≤1.5 log-reduction of B. stearo-
thermophilus spores suspended in egg matrix during a 2.4-min
come-up time to 700 MPa and 105 °C. These observations
suggest that different spores are likely to have different resistances
during the pressure come-up time of PATP, and highlight the
importance of reporting the pressure come-up time and
corresponding log-reduction during these combined treatments.

Contrary to the observations just reported, come-up time to
PATP treatment at 121 °C and 700 MPa was less lethal than the
121 °C treatment come-up time in case of B. amyloliquefaciens
ATCC 49763 spores. Treating B. amyloliquefaciens ATCC
49763 spores with 121 °C at 0.1 MPa and 121 °C at 700 MPa
inactivated 7.1 and 4.4 log spore/ml, respectively, during process
come-up time (Table 3). To the best of our knowledge, no
comparable observations are reported in the scientific literature.
This observation illustrates the complex PATP spore inactiva-
tion mechanism or a protective effect of pressure against ther-
mal inactivation of some spores.



Fig. 2. Survivor curves for aerobic spores in deionized water, subjected to various pressure (0.1 and 700 MPa) and thermal (105 and 121 °C) combinations. The dotted
vertical line indicates the come-up time. Thermal treatments had a come-up time of approximately 3.3 min for 105 °C and 3.0 min for 121 °C. Pressure-assisted thermal
processing had 0.58 min come-up time at 700 MPa. The initial populations were approximately 1.8×106 spore/ml (A and B) and 2.3×108 spore/ml (C and D). A:
105 °C, B: 105 °C+700 MPa, C: 121 °C, D: 121 °C+700 MPa; (●) Bacillus amyloliquefaciens TMW 2.479 Fad 82, (■) B. amyloliquefaciens TMW 2.482 Fad 11/2,
(♦) B. sphaericus NZ 14, and (▴) B. amyloliquefaciens ATCC 49763. Asterisks indicate no growth in enrichment cultures.
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3.2. Bacterial spore inactivation during process holding time

During PATP treatments, pressure accelerated considerably
the inactivation of various bacterial spores, compared to thermal
treatment alone (Figs. 1 and 2). Among the anaerobic spores
tested, T. thermosaccharolyticum spores were the most heat-
resistant (Fig. 1A and C). When C. tyrobutylicum and C. spo-
rogenes spores were treated at 121 °C and 0.1 MPa for 1.5 min
holding time no viable spores were detected in the enrichment
cultures, whereas viable T. thermosaccharolyticum spores were
detected in enrichment cultures after 3 min treatment (Fig. 1C).
Similarly, T. thermosaccharolyticum spores appeared to be
more PATP resistance than were C. tyrobutylicum and C. spo-
rogenes spores over a 5-min pressure holding time (Fig. 1B and
D). More than 2 log spore/ml of T. thermosaccharolyticum
survived after 5 min treatment at 105 °C–700 MPa, while
C. sporogenes spores treated under similar condition were not
detected by the enrichment techniques (Fig. 1B). While
T. thermosaccharolyticum spore population required severe
PATP treatment of 121 °C–700 MPa for 1 min for complete
inactivation (not detected by enrichment), b0.5 min holding
time was sufficient to eradicate a similar population of
C. tyrobutylicum and C. sporogenes spores (Fig. 1D). A similar
sensitivity of C. tyrobutylicum and C. sporogenes spores to
PATP treatment was also reported by early researchers
(Patterson, 2004, Moerman, 2005).

Among the aerobic spores tested, B. amyloliquefaciens Fad
82, and B. amyloliquefaciens Fad 11/2 were highly heat-resis-
tant (Fig. 2A and C). For example, B. sphaericus NZ 14 and
B. amyloliquefaciens ATCC 49763 spores were not detected
after b1.5 min thermal treatment at 121 °C, while about 3 min
thermal treatment at 121 °C were required for complete inacti-
vation of B. amyloliquefaciens Fad 82, and B. amyloliquefa-
ciens Fad 11/2. Similarly, spores of B. amyloliquefaciens Fad
82 and B. amyloliquefaciens Fad 11/2 showed noticeable ex-
tended tailing characteristics during PATP treatments (Fig. 2B
and D), in comparison with B. sphaericus NZ 14 and
B. amyloliquefaciens ATCC 49763 spores. These findings are
similar to those of Margosch et al. (2004a,b), who concluded
that B. amyloliquefaciens Fad 82 and B. amyloliquefaciens Fad
11/2 were more resistance to combined pressure–thermal
treatment (80 °C and 800 MPa) than other bacterial spores,
including B. cereus, B. coagulans, B. licheniformis, B. smithii,
and B. subtilis.



Table 4
Kinetic parameters of log-linear and Weibull models for Clostridium
sporogenes ATCC 7955 (C. spo), C. tyrobutylicum ATCC 25755 (C. tyro),
and Thermoanaerobacterium thermosaccharolyticum ATCC 27384 (T. therm)
spores suspended in deionized water treated with thermal and pressure-assisted
thermal processing

Model Parameter Treatment Anaerobic bacterial spore

Temperature
(°C)

Pressure
(MPa)

C. spo C. tyro T. therm

Linear D 105 0.1 9.7±
1.6B,a

12.4±
0.4B,a

11.8±1.3B,a

105 700 0.2±
0.0A,a

0.2±
0.0A,a

0.6±0.0A,b

121 0.1 0.6±
0.1A,b

0.6±
0.0A,b

0.4±0.0A,a

121 700 –⁎⁎ 0.3±
0.0A,b

0.3±0.0A,a

r2 105 0.1 0.98 0.95 0.87
105 700 0.99 0.80 0.94
121 0.1 0.94 0.94 0.97
121 700 1.00 0.96 0.97

Weibull⁎ b 105 700 2.3±
0.1b

3.2±
0.1A,c

1.5±0.1A,a

121 700 – 1.7±
0.2A,a

2.8±0.3B,b

n 105 700 0.3±
0.0b

0.2±
0.0A,a

0.5±0.0A,c

121 700 – 0.5±
0.3A,a

0.7±0.1B,a

r2 105 700 0.94 0.99 0.87
121 700 0.99 0.99 0.96

Af 105 700 1.13 1.02 1.43
121 700 1.01 1.11 1.18

a–dMeans (±Standard deviation) with a different superscript within a row are
significantly different at pb0.05.
A–CMeans (±Standard deviation) with a different superscript within a column
are significantly different at pb0.05.
⁎The Weibull model was not applied for thermal inactivation curves.
⁎⁎Kinetic parameters were not calculated due to the limited data points within
the time interval.

Table 3
Process come-up time logarithmic reduction of bacterial spores suspended in
deionized water during thermal and pressure-assisted thermal processing

Spore Treatment

105 °C 121 °C

0.1 MPa 700 MPa 0.1 MPa 700 MPa

Anaerobic bacteria⁎⁎

C. tyrobutylicum ATCC
25755

0.2±0.1A,a 2.5±0.2C,b 4.7±0.0D,c 6.1±0.0B,d

T. thermosaccharolyticum
ATCC 27384

0.1±0.1A,a 2.1±0.1B,b 2.5±0.2C,b 4.3±0.3A,c

C. sporogenes ATCC 7955 0.1±0.0A,a 3.3±0.1D,b 5.0±0.1E,c 6.3±0.1B,d

Aerobic bacteria⁎⁎⁎

B. amyloliquefaciens Fad 82 0.2±0.1A,a 0.9±0.1A,b 1.3±0.1A,c 4.4±0.1A,d

B. amyloliquefaciens Fad
11/2

0.3±0.2A,a 0.8±0.2A,a 1.6±0.1B,b 4.5±0.2A,c

B. sphaericus NZ 14 0.1±0.0A,a 3.7±0.1E,b 6.0±0.1F,c 7.5±0.2C,d

B. amyloliquefaciens ATCC
49763

0.3±0.1A,a 2.5±0.2C,b 7.1±0.0G,d 4.4±0.2A,c

a–dMeans (±Standard deviation) with a different superscript within a row are
significantly different ( pb0.05).
A–GMeans (±Standard deviation) with a different superscript within a column
are significantly different ( pb0.05).
⁎⁎The initial population of anaerobic bacteria was 7.1 log spore/ml.
⁎⁎⁎The initial population of aerobic bacteria was 6.3 log spore/ml at 105 °C and
8.4 log spore/ml at 121 °C.
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Very limited studies compare the PATP and heat resistance of
spores and there appears no correlation between pressure
resistance and thermal resistance (Nakayama et al., 1996).
However, in the present study, the highly heat-resistant spores
(T. thermosaccharolyticum, B. amyloliquefaciens Fad 82, and
B. amyloliquefaciens Fad 11/2) also appeared to be highly
PATP-resistant. Different PATP regimes may result in different
levels of microbial reductions. Elevated pressure (700 MPa) and
heat (105 and 121 °C) combinations were tested in this study,
while other researchers employed relatively milder process
conditions (b600 MPa at b90 °C). Spore inactivation under
pressure at lower process temperature may have a different
mechanism when compared to elevated temperature. Additional
mechanistic studies are essential for a better understanding of
the fate of bacterial spores under thermal and combined
pressure–thermal conditions.

3.3. Inactivation kinetic parameters

For the log-linear and Weibull model parameter estimation
and curve fitting, pressure come-up time and associated spore
lethality (Table 3) were not considered. Resistance of aerobic
and anaerobic spores (as measured by the kinetic parameter,
D-value) was significantly smaller in PATP than that in thermal
processing, at an equivalent process temperature (Tables 4 and
5). Similar results were reported by other researchers (Rovere
et al., 1998; Rajan et al., 2006a,b). Similarly, the Weibull model
rate parameter b, increased with increase temperature (Tables 4
and 5) and pressure (Rajan et al., 2006a,b). A higher b value
corresponds to a steeper slope of the log survivor curve, which
indicates that the spore inactivation occurred at a faster rate. As
expected, the decimal reduction times (D-values) were inversely
correlated with the b value of Weibull model. At 105 °C, in-
creasing the pressure from 0.1 to 700 MPa significantly accel-
erated spore inactivation. However, in comparison to 105 °C,
synergy between heat and pressure diminishes at 121 °C (Tables
4 and 5). These results were consistent with the observations of
Rajan et al. (2006b) who reported that the synergistic effect
between heat and pressure on the inactivation of B. amylolique-
faciens Fad 82 diminished with increasing temperature, and heat
was the dominant contributor to the lethality at 121 °C. This
suggests that inactivation mechanisms of spores by PATP are
different from those of thermal treatment alone.

Spore inactivation curves were more variable under PATP
than heat treatments, resulting in a broad range of shape factors
(Tables 4 and 5). The inactivation patterns varied with
treatments, showing upward concavity (nb1), downward con-
cavity (nN1), and linearity (n=1). The inactivation curves at
elevated pressure treatments mostly showed upward concavity
with fast decline at the initial processing period, followed by a
tail at the end of processing. Value of nb1 indicates that the
survivor curve is concave upward, i.e., tailing behavior (Peleg



Table 5
Kinetic parameters of log-linear and Weibull models for Bacillus
amyloliquefaciens TMW 2.479 Fad 82 (Fad 82), B. amyloliquefaciens TMW
2.482 Fad 11/2 (Fad 11/2), B. sphaericus NZ 14 (NZ 14), and B.
amyloliquefaciens ATCC 49763 (49763) spores suspended in deionized water
treated with thermal and pressure-assisted thermal processing

Model Parameter Treatment Aerobic bacterial spore

Temperature
(°C)

Pressure
(MPa)

Fad
82

Fad
11/2

NZ
14

49763

Linear D 105 0.1 11.2±
0.7B,b

12.4±
0.2C,b

6.3±
0.1B,a

6.4±
0.6C,a

105 700 0.4±
0.0A,b

0.4±
0.0B,b

0.6±
0.0A,c

0.3±
0.0A,a

121 0.1 0.2±
0.0A,a

0.2±
0.0A,a

0.5±
0.0A,b

1.1±
0.0B,c

121 700 0.1±
0.0A,a

0.1±
0.0A,a

0.5±
0.3A,b

0.1±
0.0A,a

r2 105 0.1 0.98 0.97 0.86 0.79
105 700 0.91 0.95 0.87 0.90
121 0.1 0.99 0.97 0.97 0.90
121 700 0.86 0.85 0.97 0.95

Weibull⁎ b 105 700 3.1±
0.1B,b

3.0±
0.2B,b

1.5±
0.1B,a

2.9±
0.0B,b

121 700 3.9±
0.1C,a

3.6±
0.3C,a

2.1±
0.5B,a

6.5±
1.4C,b

n 105 700 0.4±
0.0A,b

0.4±
0.0A,b

0.6±
0.1A,c

0.2±
0.0A,a

121 700 0.4±
0.0A,a

0.3±
0.0A,a

1.0±
0.6A,a

0.7±
0.3A,a

r2 105 700 0.95 0.93 0.99 0.99
121 700 0.98 0.99 0.99 0.99

Af 105 700 1.10 1.16 1.05 1.03
121 700 1.04 1.04 1.01 1.03

a–dMeans (±Standard deviation) with a different letter within a row are
significantly different at pb0.05.
A–DMeans (±Standard deviation) with a different letter within a column are
significantly different at pb0.05.
⁎The Weibull model was not applied for thermal inactivation curves.
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and Cole, 1998). In general, in our study, n is less than 1 at
various pressure–thermal combinations. Further, an increase in
pressure at constant process temperature resulted in curves with
distinct linear slope region followed by a near-horizontal region
(Figs. 1 and 2), with a corresponding decrease in n value. Thus,
curves in which tailing occurs suddenly have a lower n value,
when compared to curves in which tailing is gradual. The tailing
phenomenon, is a natural tendency of microorganisms, but it is
not clearly understood. Based on the vitalistic theory (Cerf,
1977) a large spore population has heterogeneous resistance to
heat and pressure which causes tailing during PATP.

Different spores appear to have different sensitivity towards
pressure–thermal come-up time transient stress, compared to
isobaric/isothermal stress encountered during the pressure hold-
ing time (Figs. 1 and 2). Since the kinetic parameters measured
in this study were based on spore reduction only during iso-
thermal isobaric conditions and did not consider inactivation
during come-up times, the estimated kinetic parameters (D or b
value) may not be sufficient to adequately describe combined
pressure–thermal resistance of various spores. For example,
while survivor plots show that B. amyloliquefaciens Fad 82 and
Fad 11/2 are PATP-resistant at 121 °C–700 MPa (Fig. 2D),
kinetic parameters data indicate that B. sphaericus spores have
higher resistance than former strains (Table 5). More research is
needed to develop integrated process lethality models that take
into account the microbial lethality during both process come-up
time and holding time. This will facilitate meaningful compar-
ison of combined pressure–thermal resistance of various spores.

Identification of a nonpathogenic surrogate spore with sim-
ilar or higher processing resistance than C. botulinum is critical
for validation of low-acid pressure-assisted thermal processing
(Sizer et al., 2002). T. thermosaccharolyticum, B. amylolique-
faciens Fad 82, and B. amyloliquefaciens Fad 11/2 used in this
study were highly-resistant (based on survivor curve data) to
pressure–thermal combinations (Figs. 1 and 2). Reddy et al.
(1999, 2003) reported that proteolytic C. botulinum strains were
substantially more PATP-resistant than the nonproteolytic strains.
C. botulinum BS-A and 62-A suspended in phosphate media
had 2 to 3 log unit reduction after PATP treatment at 827 MPa
for 20 min at an average process temperature of 75 °C.
Margosch et al. (2004a) reported that C. botulinum TMW 2.357
suspended in Tris–His Buffer (THB) exhibited 2.4 log-
reduction after treatment for 23 min at 800 MPa and average
process temperature of 87 °C. In both studies, significant vari-
ation in process temperature during treatment was reported due
to equipment limitation. On the other hand, the present study
was conducted under isothermal (±1 °C) conditions at much
higher temperatures (105 and 121 °C) than those used in the
earlier studies. Therefore, further studies are required to com-
pare the combined pressure–thermal resistance of C. botulinum
spores with the potential surrogate spores proposed in this study
under similar controlled conditions.

4. Conclusions

The results of the study showed that a combined pressure–
thermal treatment was necessary for inactivation of various
anaerobic and aerobic spore evaluated. Spores evaluated in this
study had varied PATP resistance and significant spore reduc-
tion was observed during the come-up time. Within the range of
the experimental conditions studied, based on survivor data,
T. thermosaccharolyticum, B. amyloliquefaciens Fad 82, and
B. amyloliquefaciens Fad 11/2 were the most PATP-resistant
spores. PATP treatment at 700 MPa and 121 °C for less than
1 min was sufficient to completely inactivate up to 7–8 log
spore/ml for all the spores tested. During PATP, contribution of
pressure to spore lethality was more noticeable at 105 °C than at
121 °C. Since both log-linear and Weibull models did not con-
sider microbial reduction during process come-up time, devel-
oped model parameters may not be sufficient to compare
combined pressure–thermal resistance of various bacterial
spores. The development of integrated process lethality models
taking the come-up time into consideration, may provide more
useful information for designing the entire PATP conditions.

Acknowledgements

The authors gratefully acknowledge the financial support of
Center for Advanced Processing and Packaging Studies



329J. Ahn et al. / International Journal of Food Microbiology 113 (2007) 321–329
(CAPPS), Midwest Advanced Food Manufacturing Alliance
(MAFMA), and Ohio Agricultural Research and Development
Center (OARDC). The authors would like to thank Dr. Michael
Gänzle of Lehrstuhl für Technische Mikrobiologie, Technische
Universität München for providing the stains of B. amylolique-
faciens TMW 2.479 Fad 82 and B. amyloliquefaciens TMW
2.482 Fad 11/2 and Dr. Rosalind Robertson of Fonterra
Research Centre for providing B. sphaericus NZ 14.

References

Ananta, E., Heinz, V., Schlüter, O., Knorr, D., 2001. Kinetic studies on high-
pressure inactivation of Bacillus stearothermophilus spores suspended in food
matrices. Innovative Food Science and Emerging Technologies 2, 261–272.

Ardia,A., Knorr, D., Ferrari, G., Heinz,V., 2003.Kinetic studies on combined high-
pressure and temperature inactivation of Alicyclobacillus acidoterrestris spores
in organic juice. Applied Biotechnology, Food Science and Policy 1, 169–173.

Balasubramaniam, V.M., Ting, E.Y., Stewart, C.M., Robbins, J.A., 2004.
Recommendation laboratory practices for conducting high-pressure micro-
bial inactivation experiments. Innovative Food Science and Emerging
Technologies 5, 299–306.

Buzrul, S., Alpas, H., 2004. Modeling the synergistic effect of high pressure and
heat on inactivation kinetics of Listeria innocua: a preliminary study. FEMS
Microbiology Letters 238, 29–36.

Cerf, O., 1977. Tailing of survival curves of bacterial spores. Journal of Applied
Bacteriology 42, 1–9.

Chen, H., Hoover, D.G., 2003. Pressure inactivation kinetics of Yersinia entero-
colitica ATCC 35669. International Journal of Food Microbiology 87,
161–171.

Cole,M.B.,Davis, K.W.,Munro,G.,Holyoak, C.D., Kilsby,D.C., 1993.Avitalistic
model to describe the thermal inactivation of Listeria monocytogenes. Journal
of Industrial Microbiology and Biotechnology 12, 232–239.

Conesa, R., Periago, P.M., Esnoz, A., López, A., Palop, A., 2003. Prediction of
Bacillus subtilis spore survival after a combined non-isothermal–isothermal
heat treatment. European Food Research and Technology 217, 319–324.

Corradini, M.G., Peleg, M., 2004. Demonstration of the applicability of the
Weibull-log-logistic survival model to the isothermal and nonisothermal
inactivation of Escherichia coli K-12 MG1655. Journal of Food Protection
67, 2617–2621.

Erkmen, O., Dogan, C., 2004. Effects of ultra hydrostatic pressure on Listeria
monocytogenes and natural flora in broth, milk, and fruit juices. International
Journal of Food Science and Technology 39, 91–97.

Luechapattanaporn, K., Wang, Y., Wang, J., Al-Holy, M., Kang, D.H., Tang, J.,
Hallberg, L.M., 2004. Microbial safety in radio frequency processing of
packaged foods. Journal of Food Science 69, 201–206.

Margosch, D., Ehrmann, M.A., Gäzle, M.G., Vogel, R.F., 2004a. Comparison of
pressure and heat resistance of Clostridium botulinum and other endospores
in mashed carrots. Journal of Food Protection 67, 2530–2537.

Margosch, D., Gäzle, M.G., Ehrmann, M.A., Vogel, R.F., 2004b. Pressure
inactivation of Bacillus endospores. Applied and Environmental Microbi-
ology 70, 7321–7328.

Miglioli, L., Gola, S., Maggi, A., Rovere, P., Carpi, G., Scaramuzza, N.,
DallÁglio, G., 1997. Microbiological stabilization of low acid food using a
combined high pressure–temperature process. In: Hermans, K. (Ed.), High
pressure research in the biosciences and biotechnology. Leuven University
Press, Belgium, pp. 277–280.

Moerman, F., 2005. High hydrostatic pressure inactivation of vegetative
microorganisms, aerobic and anaerobic spores in porkMarengo, a low acidic
particulate food product. Meat Science 69, 225–232.

Nakayama, A., Yano, Y., Kobayashi, S., Ishikawa, M., Sakai, K., 1996.
Comparison of pressure resistances of spores of six Bacillus strains with their
heat resistances. Applied and Environmental Microbiology 62, 3897–3900.
Okazaki, T., Kakugawa, K., Yoneda, T., Suzuki, K., 2000. Inactivation behavior
of heat-resistant bacterial spores by thermal treatments combined with high
hydrostatic pressure. Food Science and Technology Research 6, 204–207.

Patterson, M., 2004. Under pressure: a novel technology to kill micro-organisms
in foods. Culture 25, 2–5.

Peleg, M., 1999. On calculating sterility in thermal and non-thermal preservation
methods. Food Research International 32, 271–278.

Peleg, M., Cole, M.B., 1998. Reinterpretation of microbial survival curves.
Critical Reviews in Food Science and Nutrition 38, 353–380.

Rajan, S., Ahn, J., Balasubramaniam, V.M., Yousef, A.E., 2006a. Combined
pressure–thermal inactivation kinetics of Bacillus amyloliquefaciens spores
in egg patty mince. Journal of Food Protection 69, 853–860.

Rajan, S., Pandrangi, S., Balasubramaniam, V.M., Yousef, A.E., 2006b.
Inactivation of Bacillus stearothermophilus spores in egg patties by
pressure-assisted thermal processing. Lebensmittel-Wissenschaft Technolo-
gie 39, 844–851.

Rasanayagam, V., Balasubramaniam, V.M., Ting, E., Sizer, C.E., Bush, C.,
Anderson, C., 2003. Compression heating of selected fatty food materials
during high-pressure processing. Journal of Food Science 68, 254–259.

Reddy, N.R., Solomon, H.M., Fingerhut, G.A., Rhodehamel, E.J., Balasubra-
maniam, V.M., Palaniappan, S., 1999. Inactivation of Clostridium botulinum
Type E spores by high pressure processing. Journal of Food Safety 19,
277–288.

Reddy, N.R., Solomon, H.M., Tetzloff, R.C., Rhodehamel, E.J., 2003.
Inactivation of Clostridium botulinum Type A spores by high-pressure
processing at elevated temperature. Journal of Food Protection 66,
1402–1407.

Ross, T., 1996. Indices for performance evaluation of predictive models in food
microbiology. Journal of Applied Bacteriology 81, 501–508.

Ross, A.I.V., Griffiths, M.W., Mittal, G.S., Deeth, H.C., 2003. Combining
nonthermal technologies to control foodborne microorganisms. International
Journal of Food Microbiology 89, 125–138.

Rovere, P., Carpi, G., DallÁglio, G., Gola, S., Maggi, A., Miglioli, L.,
Scaramuzza, N., 1996. High-pressure heat treatments: evaluation of the
sterilizing effect and of thermal damage. Industria Conserve 71, 473–483.

Rovere, P., Gola, S., Maggi, A., Scaramuzza, N., Miglioli, L., 1998. Studies on
bacterial spores by combined high pressure treatments: possibility to sterilize
low-acid foods. In: Isaacs, N.S. (Ed.), High pressure Food Science,
Bioscience and Chemistry. The Royal Society of Chemistry, Cambridge,
United Kingdom, pp. 354–363.

Röcken, W., Spicher, G., 1993. Fadenziehende Bakterien — Vorkommen,
Bedeutung Gegenmβnahmen. Getreide, Mehl und Brot 47, 30–35.

San Martín, M.F., Barbosa-Cánovas, G.V., Swanson, B.G., 2002. Food
processing by high hydrostatic pressure. Critical Reviews in Food Science
and Nutrition 46, 627–645.

Santos, M.H.S., Kalasic, H.N., Goti, A.C., Enguidanos, M.R., 1992. The effect
of pH on the thermal resistance of Clostridium sporogenes (PA 3679) in
asparagus purée acidified with citric acid and glucono-δ-lactone. Interna-
tional Journal of Food Microbiology 16, 275–281.

Setlow, P., Johnson, E.A., 2001. Spores and their significance. In: Doyle, M.P.,
Buchat, L.R., Montville, T.J. (Eds.), Food microbiology: Fundamentals and
frontiers. American Society for Microbiology, Washington, D.C., pp. 33–69.

Sizer, C.E., Balasubramaniam, V.M., Ting, E., 2002. Validation high-pressure
process for low-acid foods. Food Technology 56, 36–42.

Xezones, H., Segmiller, J.L., 1965. Processing requirements for a heat-resistant
anaerobe. Food Technology 19, 1001–1002.

Xiong, R., Xie, G., Edmondson, A.S., Linton, R.H., Sheard, M.A., 1999.
Comparison of the Baranyi model with the modified Gompertz equation for
modeling thermal inactivation of Listeria monocytogenes Scott A. Food
Microbiology 16, 269–275.


	Inactivation kinetics of selected aerobic and anaerobic bacterial spores by pressure-assisted t.....
	Introduction
	Materials and methods
	Bacterial strains and culture media
	Spore production
	Thermal inactivation of spores
	High-pressure microbial kinetic tester
	Preparing microbial samples for pressure-assisted thermal processing
	Pressure-assisted thermal processing of spore samples
	Experimental design
	Enumeration of survivors
	Determination of inactivation kinetic parameters
	Statistical analysis

	Results and discussion
	Inactivation during treatment come-up time
	Bacterial spore inactivation during process holding time
	Inactivation kinetic parameters

	Conclusions
	Acknowledgements
	References


