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a b s t r a c t

The survival of bacterial spores after heat treatment and the subsequent germination and outgrowth in a
food product can lead to spoilage of the food product and economical losses. Prediction of time-
temperature conditions that lead to sufficient inactivation requires access to detailed spore thermal
inactivation kinetics of relevant model strains. In this study, the thermal inactivation kinetics of spores of
fourteen strains belonging to the Bacillus subtilis group were determined in detail, using both batch
heating in capillary tubes and continuous flow heating in a micro heater. The inactivation data were
fitted using a log linear model. Based on the spore heat resistance data, two distinct groups (p < 0.001)
within the B. subtilis group could be identified. One group of strains had spores with an average D120 �C of
0.33 s, while the spores of the other group displayed significantly higher heat resistances, with an
average D120 �C of 45.7 s. When comparing spore inactivation data obtained using batch- and continuous
flow heating, the z-values were significantly different, hence extrapolation from one system to the other
was not justified. This study clearly shows that heat resistances of spores from different strains in the
B. subtilis group can vary greatly. Strains can be separated into two groups, to which different spore heat
inactivation kinetics apply.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In the food industry, mesophilic, aerobic spore-forming bacteria
are ubiquitously present (Anonymous, 2005; Gould, 2006). Their
dormant endospores are highly resistant to environmental insults,
and are able to survive various preservation regimes commonly
used in the food industry. Heat treatment is commonly applied in
food processing to inactivate bacteria and their spores. Insufficient
heat treatment of bacterial spores may allow for survival of spores,
potentially leading to food spoilage upon germination and
outgrowth, and, in the case of food borne pathogens, to food
poisoning (De Jonghe et al., 2010; Scheldeman et al., 2005).
Depending on the spore heat resistance, heating regimes may
exceed the required heat load, often negatively affecting product
ernhemseweg 2, 6718 ZB Ede,
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quality. Hence, knowledge on required heat load to inactivate
spores in relation to product characteristics is important.

The heat resistance and germination properties of bacterial
spores and their phenotypic variation are a major concern of the
food industry (Eijlander et al., 2011; Hornstra et al., 2009). Different
Bacillus species including Bacillus cereus, Bacillus coagulans, Bacillus
subtilis, and Bacillus sporothermodurans are able to form highly heat
resistant spores that can survive the heating regimes that are
commonly used in food preservation (Scheldeman et al., 2006).
Various spores belonging to the genera of Bacillus, Aneurinibacillus,
and Paenibacillus are able to survive heat treatments of tempera-
tures higher than 120 �C (te Giffel et al., 2002).

The heat resistance of spores can vary between species and even
between strains of one species. Variation in spore heat resistance
between different strains of Bacillus sp. has been reported, but not
extensively studied. van Asselt and Zwietering (2006) indicated
that strain variation in B. cereus significantly influences spore heat
resistance. Another example is B. sporothermodurans, which pro-
duces spores that are highly heat resistant and can survive UHT
treatments (Esteban et al., 2013; Huemer et al., 1998; van Zuijlen
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et al., 2010). For this bacterium, clear differences were observed in
decimal reduction times (D-value) at 100 �C for spores of strains of
various isolation sources (Scheldeman et al., 2006). Variation in
spore heat resistances of strains of B. subtilis isolated from different
soups has also been reported (Oomes et al., 2007). Kort et al. (2005)
compared the spore heat resistances of a laboratory strain of
B. subtilis 168 with that of B. subtilis A163 which was isolated from
peanut chicken soup, and found significant differences in spore
heat resistances, namely aD-value of 1.4min at 105 �C for strain 168
and 0.7 min at 120 �C for strain A163. In a study performed by Lima
et al. (2011), spores with high thermal resistance were isolated
from cocoa powder. The spores with the highest thermal resistance
mainly belonged to the B. subtilis group and displayed large varia-
tion in spore heat resistance after sporulation under laboratory
conditions (Lima et al., 2011).

The observed variations in spore heat resistancewithin a species
can complicate predictive modeling and design of food processes.
Therefore, better insight into spore heat resistance is required
including the effect of strain variation on spore heat resistance. In
addition, most inactivation kinetics are determined in batch heat-
ing experiments, thereby complicating the translation of the results
to industrial flow inactivation processes such as UHT treatment
(Dogan et al., 2009; Wescott et al., 1995; Witthuhn et al., 2011).
Only a limited number of studies on spore heat resistance have
been performed in continuous flow heating systems. It has been
shown that the continuous flow heating system had a higher
lethality compared to batch heating for Bacillus flexus and Geo-
bacillus stearothermophilus (Dogan et al., 2009). Wescott et al.
(1995) also reported higher lethality of B. cereus spores during
continuous flow heating than during batch heating. However, for
spores from G. stearothermophilus, batch heating was shown to be
more lethal compared to continuous flow heating at the tested
conditions (Wescott et al., 1995). Clearly, there is a need to establish
the effect of inactivation of spores in batch and continuous flow
heating for B. subtilis spores.

The aim of this study was two-fold, namely, to assess variation
in spore heat resistance between strains belonging to the B. subtilis
group (Vos et al., 2009), and secondly to assess the spore inacti-
vation kinetics in continuous flow heating using a micro heater and
compare thesewith batch heating data using capillary tubes. To this
end, detailed spore inactivation kinetics were determined for
fourteen strains of the B. subtilis group using a batch heating and
continuous flow heating.
Table 1
Strains used in this study, with corresponding strain numbers and isolation sources. Per
Genbank accession numbers.

Strain NIZO nr. Received as Isolated from

4062 1A700- type
strain 168

Not relevant

4060 3A1- type strain
NCIB 3610

Not relevant

425 Sterilized milk
4067 A163 Peanut chicken soup (sterilized in can)

4068 CC2 Curry cream soup (sterilized in pouch)
4069 IIC14 Binding flour (ingredient)
4071 CC16 Curry cream soup (sterilized in pouch)
4072 RL45 Red Lasagna sauce (pasteurized in glass jar)
4073 MC85 Curry soup (sterilized in glass jar)
4140 Pizza
4143 Surimi
4144 Quiche
4145 Pasta
4146 Curry sauce
2. Materials and methods

2.1. Bacterial strains and identification

The strains investigated in this study were twelve industrial
isolates, supplied by food manufacturers, and two type strains,
namely B. subtilis 168 (Bacillus Genetic Stock Center (BGSC) 1A700)
and the undomesticated strain B. subtilisNCIB 3610 (BGSC 3A1). The
heat resistance of spores of these strains was initially screened;
strains were selected based on these results, to include the largest
variation possible (data not shown). All strains belong to the
B. subtilis group and are listed in Table 1. For the two type strains the
isolation source was not clear (Zeigler et al., 2008). Strain A163 is
known to form spores with high thermal resistance properties
(Cazemier et al., 2001; Kort et al., 2005; Oomes and Brul, 2004;
Oomes et al., 2007). Strains 4068, 4069, 4071, 4072, and 4073
correspond with strains CC2, IIC14, CC16, RL45, andMC85 that have
been previously described (Oomes et al., 2007). All strains were
deposited in the NIZO culture collection and received a unique
strain ID. For all industrial isolates a partial 16S rRNA sequence was
determined to verify the species level of the strains (Klijn et al.,
1991). Following amplification of the partial 16S fragment using
PCR, the product was purified and DNA sequencing was performed
by Baseclear (Leiden, The Netherlands). The sequences were used
as query input for identification against the database of the Ribo-
somal Database Project (RDP). The designated species names per
strain are presented in Table 1. For each strain, the nucleotide se-
quences were deposited in GenBank under accession numbers
KF916630 to KF916641.

2.2. Spore preparation

Spore crops were prepared as described by Schaeffer et al. with
slight modifications (Schaeffer et al., 1965). In short, the sporulation
medium consisted of Nutrient Broth 8 g/L (NB, Difco), supple-
mented with 1 mM MgSO4, 13 mM KCl, 0.13 mM MnSO4, 1 mM
CaCl2, and a final pH of 7.0. For cultivation on plates the medium
consisted of Nutrient Agar (NA, Difco) 23 g/L, supplemented with
1 mMMgSO4, 13 mM KCl, 0.13 mMMnSO4, 1 mM CaCl2, with a final
pH of 7.0 (NA). The Luria-Broth (LB) medium was inoculated from
the�80 �C stocks, and was incubated for 16 h at 37 �C, with shaking
at 200 rpm. The overnight cultures were diluted 100 times in
sporulation medium and allowed to grow until an OD600 nm of 0.6,
strain the identification based on partial 16s rRNA are indicated and corresponding

Identification based
on 16S

Genbank accession
no.

Reference

Not relevant Not relevant BGSC

Not relevant Not relevant BGSC

B. amyloliquefaciens KF916630 This study
B. subtilis KF916631 (Cazemier et al., 2001;

Kort et al., 2005; Oomes and
Brul, 2004; Oomes et al., 2007)

B. subtilis KF916632 (Oomes et al., 2007)
B. subtilis KF916633 (Oomes et al., 2007)
B. subtilis KF916634 (Oomes et al., 2007)
B. subtilis KF916635 (Oomes et al., 2007)
B. subtilis KF916636 (Oomes et al., 2007)
B. amyloliquefaciens KF916637 This study
B. subtilis KF916638 This study
B. vallismortis KF916639 This study
B. subtilis KF916640 This study
B. subtilis KF916641 This study
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subsequently 200 mL of a culture was spread on three agar plates
per strain. The plates were incubated at 37 �C for seven days and
spore formation was followed microscopically. The spores were
harvested by swabbing the entire bacterial layer of three plates,
combined in one tube, and washed by three successive steps in
sterile water (5000� g, 10 min, 4 �C). The spore suspensions were
stored in sterile water at 4 �C for at least one month to allow for
spore maturation, before being used in heat-inactivation experi-
ments. Two independent spore cropswere prepared for each strain.

2.3. Spore enumeration

To determine the initial spore count, spore suspensions were
heated at 80 �C for 10 min to inactivate germinated spores and
vegetative cells and to allow for activation of germination. Subse-
quently, samples were serially diluted in peptone water, and
appropriate dilutions were pour-plated in NA in duplicate. Based on
the initial spore yields, the spore suspensions were further diluted
prior to batch inactivation and continuous flow inactivation ex-
periments, as described below. The number of surviving spores
were determined following different heat treatments by serially
diluting the samples in peptonewater and pour plating appropriate
dilutions. All counts were performed after incubation for five days
at 37 �C.

2.4. Batch heating inactivation

For each strain, the spore heat inactivation kinetics were
determined in a batch heating system using capillary tubes. The
experiments were performed twice per strain, using two inde-
pendent spore preparations. For each spore preparation, the re-
coveries were determined using three different temperatures, each
with at least five different time points. The inactivation kinetics
were determined as previously described by Xu et al. (2006). In
short, the spore suspensions were diluted to an initial count of
approximately 1 �108 colony forming units per milliliter (CFU/mL,
in phosphate buffered saline (PBS), with a pH of 7.4. A capillary tube
(øext 1.0 mm, øint 0.8 mm, length 150 mm, catalog no 612-2806,
VWR, Amsterdam, The Netherlands) was filled with a spore sus-
pension of 50 mL, which was subsequently heat sealed. Each tube
was completely submerged in an oil bath at a selected tempera-
tures for a given time and subsequently transferred to an ice-water
bath for 10 min. The sealed capillary tubes were then incubated in a
hypochlorite solution (525 ppm) for 10 min and washed with
sterile peptone water. The capillary tubes were then transferred to
5 mL sterile peptone water and crushed with a magnetic stirrer by
mixing on a vortex. The spores were subsequently enumerated as
described before. Using the same method, the initial spore count
was determined for each spore suspension following a heat treat-
ment of 80 �C for 10 min, 100 �C for 10 min, and in the absence of a
heat activation, to establish optimal germination, which might
require heat activation.

2.5. Heat inactivation using continuous flow

For each strain, the continuous flow heat inactivation kinetics of
spores were also determined using an in-house continuous flow
micro heater, mimicking UHT treatment on a small scale, as
described by van der Veen et al. (2009). The micro heater contains a
heating-up section in which the spore suspension is quickly heated
to the desired temperature using a heat exchanger, a holding sec-
tion with a fixed length that is submerged in an oil bath set to the
desired temperature and a cooling section in which the spore
suspension is rapidly cooled using a heat exchanger. The flow rate
used for the spore suspension in the micro heater was 5 L/h. At this
flow rate, the residence times in the heating-up and cooling section
were 1.7 s for each section. The residence times of the spore sus-
pensions during heating in the three different holders with
different lengths were 3, 6 and 10 s. The heating experiments were
performed for all strains and using one of the two spore crops of
each strain. For each experiment, a spore suspension of 5 mL was
inoculated in 5 L PBS, resulting in an initial spore count of
approximately 1 �106 CFU/mL, which was determined before each
experiment. For each strain the spores were pumped through the
micro heater and subjected to different time-temperature combi-
nations: at each of the three set holding times, namely 3, 6 and 10 s,
the spores suspensions were subjected to ten different tempera-
tures. After each experiment the temperature of the holding section
was lowered by 2 �C (Supplementary Table 3). The viable spore
counts before and after each time-temperature combination were
determined. In this way, spore suspensions of individual strains
were subjected to three set heating times and a temperature range
spanning 20 �C, which was selected to result in outcomes ranging
from complete inactivation to complete survival, with at least 2
data points showing detectable inactivation. Surviving spores were
enumerated as described above.

2.6. Data analysis

For fourteen strains, extensive spore inactivation data were
obtained from two independent spore crops using batch heating.
The inactivation data were fitted with the log-linear model in
Equation (1), to determine the D-value, the decimal reduction time,
at the corresponding temperature, using Excel. The effective heat-
ing times of the spore suspension in the capillary tubes were
calculated by taking the total time of submersion in the oil bath
minus the modeled time for heating-up and cooling down, which
were calculated based on a z-value of 10 �C (David and Merson,
1990).

log NðtÞ ¼ log Nð0Þ � t
D

(1)

To determine the temperature dependency of the D-value, the z-
value was determined. The z-value was calculated per strain based
on the D-values of two independent spore crops, as the negative
reciprocal of the slope of the plot of logD against the temperature,
as displayed in Equation (2).

z ¼ �1=slopeðlog D; TÞ (2)

The logD values of all strains were plotted against the temper-
ature to visualize strain variability. Based on this visualization, two
groups of spore heat resistance were identified with logD values
that cluster together. To compare the two groups with different
spore heat resistances, the overall z-value, using Equation (2), and
subsequently the logDref at a reference temperature of 120 �C, were
determined per group using Equation (3). Based on the logDref at
the reference temperature, D-values can be estimated at each
desired temperature using Equation (4).

log Dref ¼ interceptðlog D; TÞ � Tref
.
z (3)

log DT ¼ log Dref �
�
T � Tref

�.
z (4)

The 95% prediction interval (PI) of the logDref was calculated
using the following equation:

log Dref � tDF; 1�0:5a

ffiffiffiffiffiffiffiffi
RSS
DF

r
(5)
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Where tDF is the student t-value with degrees of freedom (DF), a is
the confidence level (a ¼ 0.05), and the residual sum of squares
(RSS) is calculated from the data points deviating from the
regression line.

In the continuous flow system using the micro heater, the tem-
perature is variedwhile the heating times arefixed. For each heating
regime atwhich heat inactivation occurred aD-valuewas calculated
using Equation (1), based on the assumption of log-linear inactiva-
tion as determined in batch heating and using the effective heating
time. D-values that were higher than two times the experimental
duration were excluded. By plotting the logD values against the
temperature, a z-valuewas calculated for each strain using Equation
(2).Whenplotting the logDvalues of all strains, the same twogroups
of spore heat resistancewere identified as in the batch experiments.
For both groups a z-value and a logDref and corresponding upper 95%
PI were determined as described above.

2.7. Statistical analysis

An F-test was used to test significant differences, based on the
plotting of the logD values against the temperature. The F-test was
performed to test if the slope and the intercept of the logD of were
significantly different. A confidence level of a ¼ 0.05 was used. The
F-test was applied to test whether the two groups of with pre-
sumed different spore heat resistances were indeed significantly
different. Additionally, the F-test was used to test significant dif-
ferences between the batch- and continuous flow heating, per
strain and for the two groups of heat resistant strains.

2.8. Comparison to literature data

Literature data, in the form of D-values, was collected from 12
strains belonging to the B. subtilis group (Kort et al., 2005;
Leguérinel et al., 2007; Lima, 2012; Lima et al., 2011; Nakayama
et al., 1996). The D-values were log transformed and plotted
within the 95% prediction intervals of the two groups of spore heat
resistance as determined in the batch heating experiment.

3. Results

3.1. Identification of strains

For the twelve food isolates, the partial DNA sequences of 16S
rRNA were determined to identify the strains at the species level.
The identification indicated that nine strains belonged to the spe-
cies B. subtilis, two strains belonged to the species Bacillus amylo-
liquefaciens and one strain was identified as B. vallismortis (see
Table 1).

3.2. Spore heat inactivation kinetics following batch heating

For fourteen strains of the B. subtilis group, the thermal inacti-
vation kinetics were determined. The survival plots showed
straight lines, without tailing (data not shown), based on at least 5
different time points per heating temperature. The inactivation
plots were fitted with the log-linear inactivation model, by which
the different D-values were determined per strain per temperature.
The D-values ranged from D100 �C of 1.15 min for strain 4144 to
D125�C of 0.53 min for strain 4067 as displayed in Table 2. Biological
variation between the different spore crops of the same strain was
observed. The D-values per strainwere log transformed and plotted
against the temperature to determine the z-values per strain, based
on two independent spore batches. The z-values ranged from
5.82 �C (Standard Error (S.E.) �0.38 �C) for strain 4073 to 8.32 �C
(�0.93 �C) for strain 4144 (Table 2). The regression coefficients of
the z-value estimation ranged from 0.90 to 1.00.

Thereafter the logD values of all strains together were plotted
against the temperature to visualize strain variation. Based on this
visualization, spore heat resistance could be grouped in two clus-
ters, as presented in Fig. 1A. Strains 4060, 4062, 4140, 4143, 4144
belonged to the low spore heat resistance group, whereas strains
425, 4067, 4068, 4069, 4071, 4072, 4073, 4145, and 4146 all
belonged to the high spore heat resistance group. The variation
within the lower resistant group was smaller compared to the
variationwithin the high heat resistant group. The slopes of the two
groups of spore heat resistance were not significantly different
(p ¼ 0.09), whereas the intercepts of the two groups were signifi-
cantly different (p < 0.0001). The calculated z-values for the low
heat resistant group was 7.6 �C (�0.4 �C) and the z-value for the
high heat resistant group was 9.5 �C (�0.8 �C). For both groups the
logDref and corresponding upper 95% upper prediction interval,
were calculated (Table 3) and corresponding D120 �C, which was
0.34 s (upper 95% PI ¼ 0.74 s) for the low spore heat resistance
group and 45.7 s (upper 95% PI ¼ 242 s) for the high spore heat
resistance group. Plotting the literature data of 12 strains belonging
to the B. subtilis group (Supplementary material 1), displayed that
most data points fell within the 95% PI of the two groups of spore
heat resistance identified in this study.

3.3. Spore heat inactivation kinetics following continuous flow
heating

For the analysis of the flow heating data, a D-value was calcu-
lated for each data point where inactivation occurred
(Supplementary material 2). The z-values were calculated per
strain and ranged from 6.03 �C (�0.83 �C) for strain 4140 to 15.84 �C
(�3.77 �C) for strain 4069. The regression coefficients for the z-
value ranged from 0.50 to 0.90, indicating a large variation in the
goodness of the fit. The plotting of all the logD values against the
temperature showed the same separation in two groups of spore
heat resistance as observed in the batch heating experiment, with
both groups encompassing the same strains (Fig. 1B). The slopes of
the plotted logD-values, and thus the z-value, did not differ
significantly between the two groups (p ¼ 0.068), while the inter-
cept was again found significantly different (p < 0.0001). The
calculated z-value for the low spore heat resistance group was
12.7 �C (�1.8 �C), whereas the z-value for the high heat resistance
group was 18.3 �C (�2.2 �C). The corresponding regression co-
efficients were 0.55 and 0.47 for the low and high spore heat
resistance groups, respectively. For both groups the logDref and
corresponding upper 95% upper prediction interval were calculated
(Table 3), and corresponding D120 �C which was 0.07 s (upper 95%
PI¼ 2.34 s) for the low spore heat resistance group and 8.5 s (upper
95% PI ¼ 26.9 s) for the high spore heat resistance group.

3.4. Spore inactivation during batch and continuous flow heating

Per strain the plotted logD values of the batch heating and the
continuous flow heating were tested for significant differences in
the slope and the intercept (Table 2). The slopes of the plotted logD
values, signifying the z-value, during batch heating and continuous
flow heating did not differ significantly for eight strains. Addi-
tionally, from these eight strains, for six strains the intercept did not
differ significantly. For the other six strains, the slopes of the
plotted logD values during batch heating and continuous flow
heating differed significantly, and the z-value was higher in flow
heating compared to batch heating. For the groups with either low
or high spore heat resistances, the slopes of the plotted logD-values
differed significantly when comparing the batch- and the



Table 2
The calculated D-values per strain for the independent spore crops, at three different temperatures. The calculated z-value for each strain as determined using batch and
continuous flow heating. The F-test, to test for significant differences in the slope and the intercept of the plotted logD values, between the different heating methods used of
the per strain.

Strain Temperature (�C) Batch heating Flow heating F-test

Spore crop 1 Spore crop 2 z-value (�C) S.E r2 Significant difference

D (min) S.E r2 D (min) S.E. r2 z-value (�C) S.E r2 Slope Intercept

4062 100 3.53 0.21 0.96 2.97 0.22 0.94 6.88 0.37 0.99 6.40 0.96 0.88 No No
105 0.65 0.08 0.91 0.84 0.06 0.90
110 0.10 0.02 0.67 0.13 0.01 0.88

4060 100 4.39 0.38 0.90 2.93 0.42 0.91 7.53 0.58 0.98 7.76 1.03 0.90 No No
105 0.83 0.09 0.90 0.65 0.06 0.91
110 0.21 0.02 0.90 0.13 0.02 0.82

425 110 12.59 0.79 0.97 8.23 0.41 0.97 6.23 0.41 0.98 7.61 1.34 0.78 No No
115 2.36 0.17 1.00 1.56 0.08 0.99
120 0.28 0.01 0.98 0.23 0.01 0.99

4067 115 18.14 1.93 0.89 10.24 0.61 0.94 6.31 0.66 0.96 15.57 2.66 0.77 Yes N.T.a

120 1.79 0.07 0.99 1.58 0.05 0.99
125 0.24 0.01 0.99 0.53 0.05 0.94

4068 115 4.64 0.40 0.96 5.81 0.53 0.94 6.58 0.31 0.99 12.55 5.10 0.50 No No
120 0.66 0.02 0.98 0.79 0.04 0.98
125 0.15 0.00 0.99 0.16 0.02 0.92

4069 115 3.73 0.21 0.95 2.63 0.15 0.96 7.29 0.35 0.99 15.84 3.77 0.72 Yes N.T.
120 0.57 0.02 0.98 0.58 0.06 0.96
125 0.12 0.01 0.92 0.14 0.01 0.93

4071 110 18.64 2.48 0.83 10.36 0.53 0.98 6.68 1.03 0.91 12.94 1.50 0.90 Yes N.T.
115 1.18 0.08 0.88 1.31 0.08 0.92
120 0.65 0.03 0.97 0.30 0.04 0.77

4072 115 3.14 0.27 0.91 2.66 0.14 0.93 7.80 0.66 0.97 10.96 3.47 0.67 No No
120 0.99 0.05 0.96 0.60 0.02 0.96
125 0.12 0.01 0.96 0.18 0.02 0.90

4073 115 9.64 0.92 0.92 4.77 0.64 0.90 5.82 0.38 0.98 13.59 4.55 0.82 Yes N.T.
120 0.92 0.03 0.98 0.79 0.04 0.97
125 0.13 0.01 0.93 0.13 0.01 0.96

4140 100 3.30 0.36 0.94 3.32 0.64 0.85 7.21 0.17 1.00 6.03 0.83 0.91 No No
105 0.60 0.06 0.96 0.58 0.09 0.95
110 0.13 0.02 0.98 0.14 0.02 0.94

4143 100 3.47 0.14 0.99 1.62 0.13 0.93 7.50 1.22 0.90 13.74 3.70 0.73 No No
105 0.85 0.07 0.99 0.80 0.10 0.75
110 0.17 0.02 0.91 0.07 0.01 0.87

4144 100 1.73 0.24 0.88 1.15 0.13 0.91 8.32 0.93 0.95 12.34 2.36 0.77 No No
105 0.54 0.14 0.74 0.25 0.04 0.87
110 0.08 0.01 0.91 0.09 0.01 0.96

4145 115 17.64 1.99 0.91 9.15 0.33 0.97 6.09 0.56 0.97 10.10 1.11 0.88 Yes N.T.
120 2.96 0.36 0.92 1.52 0.07 0.99
125 0.26 0.02 0.97 0.33 0.01 0.99

4146 105 22.83 1.94 0.92 9.27 0.55 0.95 6.90 0.70 0.96 11.56 2.18 0.85 Yes N.T.
110 3.03 0.10 0.99 2.25 0.13 0.89
115 0.56 0.03 0.95 0.48 0.02 0.97

a N.T. ¼ Not tested.
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continuous flow heating system. The z-value was generally higher
in the flow heating system than in the batch heating system.

4. Discussion

In this study we establish that spores of different B. subtilis
group isolates display highly significant differences in heat resis-
tance. Two distinct groups could be identified based on a thorough
analysis of the spore heat resistances of fourteen strains, using a
wide range of time-temperature combinations for heat exposure.
This study thus provides a detailed description of variation in spore
heat resistance of B. subtilis group strains, and renders a modeling
approach using two spore inactivation kinetics for highly heat
resistant strains versus lower heat resistant strains. The spore heat
resistance varied from a D120 �C of 0.34 s for the low spore heat
resistance group to a D120 �C of 45.7 s for the high spore heat
resistance group, thus a factor 130 different. Moreover, spore heat
resistance is commonly determined under laboratory conditions
using batch heating systems, while in industry, continuous flow
heat inactivation is widely applied, often using higher tempera-
tures and shorter heating times, leaving the question whether
extrapolation of batch data to flow data is justified. In this study, the
inactivation kinetics for fourteen strains of B. subtilis group showed
significant differences in the z-value between batch heating and
continuous flow heating, hence extrapolation from one heating
system to the other is not justified. While the heating systems have
an influence on the efficacy of spore inactivation, overall, the
impact of strain variability wasmuch greater than the impact of this
variable.

Based on spore heat resistance, strains of the B. subtilis group
could be grouped into two clusters when plotting the logD values
against temperature. This holds true for both the batch inacti-
vation data and the continuous flow inactivation data, and in
both cases, the same strains clustered together. Variation in spore
heat resistance of strains within the B. subtilis species and
B. subtilis group has been reported before (Lima et al., 2011;
Oomes et al., 2007). For Clostridium perfringens, strain variation
in spore heat resistance was observed with varying D90 �C values



Fig. 1. Plot of the estimated logD values, plotted against the temperature of fourteen strains of the B. subtilis group and corresponding 95% prediction intervals, determined in
capillary tubes (A), determined in a micro-heater (B), and the combined data sets (C). The literature logD values were plotted in the 95% prediction interval of the batch heating (D)
The symbol C represents the data points from the lower spore heat resistance group and - represents the data points of the higher spore heat resistance group, determined using
batch heating. The B symbol represents the data points from the low spore heat resistance group and , represents the data points from the high spore heat resistance group,
determined in the micro-heater. The symbol: represents low spore heat resistance data and represents high spore heat resistance data from literature.
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ranging from 5.5 min to 120.6 min (Orsburn et al., 2008). In
addition for B. cereus, where spore inactivation kinetics were
globally assessed, strain variation was identified as significant
factor (van Asselt and Zwietering, 2006). The high number of
strains used in the current study allowed for a statistical analysis
that rendered two groups with respect to spore heat resistance.
In our analysis, strain B. subtilis A163 was incorporated (corre-
sponding with strain nr. 4067) and showed D120 �C values of 1.79
and 1.53 min, which is higher than the previously reported
D120 �C of 0.7 min by Kort et al. (2005). However, the reported z-
value of 6.1 �C for this strain (Kort et al., 2005) was similar to the
z-values found in this study, i.e. 6.3 �C (�0.7 �C). A possible
explanation for the difference in D120 �C-value is the different
preparation method of spores, on plates in this study, and in
liquid medium for the other experiment (Kort et al., 2005). The
phenomenon that spores produced on surfaces are more heat
resistant than spores produced from planktonic cells in liquid
media has previously been reported by Rose et al. (2007), who
observed higher spore heat resistances for B. subtilis when spores
were prepared following growth on agar plates compared with
liquid medium. There are multiple other factors known to
contribute to the final spore heat resistance. Generally the higher
the sporulation temperature, the higher the final spore heat
resistance properties (Nicholson et al., 2000). The sporulation of
B. subtilis in a natural or a processing environment might occur in
Table 3
The calculated z-values and logDref for the two groups of spore heat resistance, for batch

Spore heat resistance group Heating method z-value (�C) S.E.

Low spore heat resistance Batch 7.5 0.4
Flow 12.7 1.8

High spore heat resistance Batch 9.3 0.8
Flow 18.3 2.2
biofilms, and complex colony growth allows the formation of
more heat resistant spores (Lindsay et al., 2006; Veening et al.,
2006). The composition of the sporulation medium is also
important, including different salts added to the medium, such as
magnesium, manganese, potassium, and in particular calcium,
are known to increase the final heat resistance of spores of
B. subtilis (Cazemier et al., 2001; Oomes and Brul, 2004; Oomes
et al., 2009). Calcium is also required for a spore to reach full
heat resistance, after release from the mother cell, in the matu-
ration process (Sanchez-Salas et al., 2011). In this study, the
spores of all strains were allowed to form, and mature under the
same conditions, to rule out the effect of variation in sporulation
conditions on spore heat resistance. No variations in sporulation
conditions were applied; the observed differences in spore heat
resistance between strains are thus a specific property of the
strain. A generally observed phenomenon is that the spore heat
resistance decreases after re-sporulation under laboratory con-
ditions (Lima et al., 2011; van Zuijlen et al., 2010). It is important
to consider that the exact history of spores encountered in food
matrices, such as the sporulation and maturation conditions, is
not known. The points obtained by plotting of the literature data
fell mainly within the prediction intervals of the two groups of
spore heat resistance. This suggests that variation in spore heat
resistance is strain specific, since the literature data originated
from strains that were sporulated under different conditions.
heating and continuous flow heating.

r2 logDref (min) Upper 95% PI D120 �C (s) n

0.92 �2.24 �1.91 0.34 30
0.55 �1.92 �1.41 0.72 40
0.72 �0.12 0.61 45.7 54
0.47 �0.85 �0.35 8.5 81
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In continuous flow heating using the micro heater the main
variable factor was the temperature, with fixed times. The time-
temperature combinations in continuous flow heating consisted
of relatively short times and high temperatures, while heat expo-
sure in batch heating was characterized by longer heating times
and somewhat lower temperatures. For eight strains there was no
significant difference in the slope of the plotted logD values,
signifying the z-value, comparing batch- and continuous flow
heating. However, for two out of the eight strains, the intercept,
signifying the spore heat resistance, did differ significantly. For the
other six strains, the z-value was significantly higher determined in
continuous flow heating compared to batch heating. Thus, the
justification of extrapolation from one heating system to the other,
varies from strain to strain within the B. subtilis group.

Additionally, for the two groups of spore heat resistance that
clustered together, in both cases the slopes of the plotted logD
values, signifying the z-value, were significantly different when
comparing batch and continuous flow heating. For the two groups
of spore heat resistance, extrapolation from one heating system to
the other is not justified. The z-value was higher when determined
in the continuous flow heating, and thus at higher temperatures.
This is consistent with the finding that at higher temperature
ranges, generally higher z-values were observed (Edwards et al.,
1965). Dogan et al. (2009) observed a higher lethality for contin-
uous flow heating compared to batch heating for B. flexus and
G. stearothermophilus spores. In accordance, Wescott et al. (1995)
determined a higher lethatlity for continuous flow heating for
spores of B. cereus compared to batch heating. However, in contrast
to the results from this study, for G. stearothermophilus a higher
lethality for batch heating was observed compared to continuous
flow heating. In this study significant differences in the z-value
were identified, therefore the difference in lethality would depend
on the time-temperature combination selected. To globally assess
the impact of variation in the z-value on inactivation kinetics, the
D100 �C and D145 �C were calculated for the two groups of spore heat
resistance and for the two different heating systems. Due to the
difference in z-value, the inactivation of spores from stains in both
the low and high spore heat resistance groups was more efficient in
continuous flow heating than in batch heating at 100 �C, whereas
batch heating was more efficient than continuous flow heating at
145 �C. When designing a heat inactivation process it is important
to consider the two groups of spore heat resistance and the varia-
tion in z-value among strains and between the different heating
methods.

Multiple time-temperature combinations can be proposed,
based on batch heating in capillary tubes, to distinguish the two
groups of spore heat resistance within the B. subtilis group. Heating
for one hour at 100 �C, will result in a 10.2 log reduction for the low
spore heat resistance group and a 0.1 log reduction for the high
spore heat resistance group, using the logDref from the batch
heating experiment. Using a similar approach, heating for 5 min at
110 �C will result in a 18.6 log reduction for the low spore heat
resistance group, and a 0.1 log reduction for the high spore heat
resistance group. It should be noted that the proposed time-
temperature combinations are based on spores prepared under
laboratory conditions, and do not include variations in spore heat
resistance based on the history of the spores and a potential effect
of the food matrix.

5. Conclusions

In this study the spore heat inactivation kinetics were deter-
mined in detail for fourteen stains belonging to the B. subtilis group.
Two distinct groups of spore heat resistance were identified, with
batch heating using capillary tubes, and with continuous flow
heating using a micro-heater. The spore heat resistance within
B. subtilis can be separated in two groups, suggesting that spore
heat resistance is not a species, but rather a strains specific
property.

Acknowledgments

The authors would like to thank Adriana Sterian and Verena
Klaus for technical assistance during the inactivation experiments.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.fm.2014.04.009.

References

Anonymous, 2005. Opinion of the scientific panel on biological hazards on Bacillus
cereus and other Bacillus spp in foodstuffs. EFSA J. 175, 1e48.

Cazemier, A.E., Wagenaars, S.F.M., Ter Steeg, P.F., 2001. Effect of sporulation and
recovery medium on the heat resistance and amount of injury of spores from
spoilage Bacilli. J. Appl. Microbiol. 90, 761e770.

David, J.R.D., Merson, R.L., 1990. Kinetic parameters for inactivation of Bacillus
stearothermophilus at high temperatures. J. Food Sci. 55, 488e493.

De Jonghe, V., Coorevits, A., De Block, J., Van Coillie, E., Grijspeerdt, K., Herman, L.,
De Vos, P., Heyndrickx, M., 2010. Toxinogenic and spoilage potential of aerobic
spore-formers isolated from raw milk. Int. J. Food Microbiol. 136, 318e325.

Dogan, Z., Weidendorfer, K., Müller-Merbach, M., Lembke, F., Hinrichs, J., 2009.
Inactivation kinetics of Bacillus spores in batch- and continuous-heating sys-
tems. LWT e Food Sci. Tech. 42, 81e86.

Edwards, J.L., Busta, F.F., Speck, M.L., 1965. Thermal inactivation characteristics of
Bacillus subtilis spores at ultrahigh temperatures. Appl. Microbiol. 13, 851e857.

Eijlander, R.T., Abee, T., Kuipers, O.P., 2011. Bacterial spores in food: how phenotypic
variability complicates prediction of spore properties and bacterial behavior.
Curr. Opin. Biotech. 22, 180e186.

Esteban, M.D., Huertas, J.P., Fernandez, P.S., Palop, A., 2013. Effect of the medium
characteristics and the heating and cooling rates on the nonisothermal heat
resistance of Bacillus sporothermodurans IC4 spores. Food Microbiol. 34, 158e
163.

Gould, G.W., 2006. History of science e spores. J. Appl. Microbiol. 101, 507e513.
Hornstra, L.M., Ter Beek, A., Smelt, J.P., Kallemeijn, W.W., Brul, S., 2009. On the origin

of heterogeneity in (preservation) resistance of Bacillus spores: input for a
‘systems’ analysis approach of bacterial spore outgrowth. Int. J. Food Microbiol.
134, 9e15.

Huemer, I.A., Klijn, N., Vogelsang, H.W.J., Langeveld, L.P.M., 1998. Thermal death
kinetics of spores of Bacillus sporothermodurans isolated from UHT milk. Int.
Dairy J. 8, 851e855.

Klijn, N., Weerkamp, A.H., de Vos, W.M., 1991. Identification of mesophilic lactic acid
bacteria by using polymerase chain reaction-amplified variable regions of 16S
rRNA and specific DNA probes. Appl. Environ. Microbiol. 57, 3390e3393.

Kort, R., O’Brien, A.C., van Stokkum, I.H.M., Oomes, S.J.C.M., Crielaard, W.,
Hellingwerf, K.J., Brul, S., 2005. Assessment of heat resistance of bacterial spores
from food product isolates by fluorescence monitoring of dipicolinic acid
release. Appl. Environ. Microbiol. 71, 3556e3564.

Leguérinel, I., Couvert, O., Mafart, P., 2007. Modelling the influence of the sporu-
lation temperature upon the bacterial spore heat resistance, application to
heating process calculation. Int. J. Food Microbiol. 114, 100e104.

Lima, L.J.R., 2012. Microbial Ecology of the Cocoa Chain. Quality Aspects and Insight
into Heat-resistant Bacterial Spores. Wageningen University Wageningen (PhD
thesis).

Lima, L.J.R., Kamphuis, H.J., Nout, M.J.R., Zwietering, M.H., 2011. Microbiota of cocoa
powder with particular reference to aerobic thermoresistant spore-formers.
Food Microbiol. 28, 573e582.

Lindsay, D., Brözel, V.S., von Holy, A., 2006. Biofilm-spore response in Bacillus cereus
and Bacillus subtilis during nutrient limitation. J. Food Prot. 69, 1168e1172.

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.
Appl. Environ. Microbiol. 62, 3897e3900.

Nicholson, W.L., Munakata, N., Horneck, G., Melosh, H.J., Setlow, P., 2000. Resistance
of Bacillus endospores to extreme terrestrial and extraterrestrial environments.
Microbiol. Mol. Biol. Rev. 64, 548e572.

Oomes, S.J.C.M., Brul, S., 2004. The effect of metal ions commonly present in food on
gene expression of sporulating Bacillus subtilis cells in relation to spore wet heat
resistance. Innov. Food Sci. Emerg. Tech. 5, 307e316.

Oomes, S.J.C.M., Jonker, M.J., Wittink, F.R.A., Hehenkamp, J.O., Breit, T.M., Brul, S.,
2009. The effect of calcium on the transcriptome of sporulating B. subtilis cells.
Int. J. Food Microbiol. 133, 234e242.

Oomes, S.J.C.M., van Zuijlen, A.C.M., Hehenkamp, J.O., Witsenboer, H., van der
Vossen, J.M.B.M., Brul, S., 2007. The characterisation of Bacillus spores occurring

http://dx.doi.org/10.1016/j.fm.2014.04.009
http://dx.doi.org/10.1016/j.fm.2014.04.009
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref1
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref1
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref1
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref2
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref2
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref2
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref2
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref3
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref3
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref3
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref4
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref4
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref4
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref4
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref5
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref5
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref5
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref5
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref5
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref6
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref6
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref6
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref7
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref7
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref7
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref7
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref8
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref8
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref8
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref8
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref9
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref9
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref9
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref10
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref10
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref10
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref10
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref10
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref11
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref11
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref11
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref11
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref12
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref12
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref12
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref12
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref13
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref13
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref13
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref13
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref13
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref14
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref14
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref14
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref14
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref15
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref15
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref15
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref16
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref16
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref16
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref16
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref17
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref17
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref17
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref18
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref18
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref18
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref18
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref19
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref19
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref19
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref19
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref20
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref20
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref20
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref20
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref21
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref21
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref21
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref21
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref22
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref22


E.M. Berendsen et al. / Food Microbiology 45 (2015) 18e25 25
in the manufacturing of (low acid) canned products. Int. J. Food Microbiol. 120,
85e94.

Orsburn, B., Melville, S.B., Popham, D.L., 2008. Factors contributing to heat resis-
tance of Clostridium perfringens endospores. Appl. Environ. Microbiol. 74, 3328e
3335.

Rose, R., Setlow, B., Monroe, A., Mallozzi, M., Driks, A., Setlow, P., 2007. Comparison
of the properties of Bacillus subtilis spores made in liquid or on agar plates.
J. Appl. Microbiol. 103, 691e699.

Sanchez-Salas, J.-L., Setlow, B., Zhang, P., Li, Y.-q., Setlow, P., 2011. Maturation of
released spores is necessary for acquisition of full spore heat resistance during
Bacillus subtilis sporulation. Appl. Environ. Microbiol. 77, 6746e6754.

Schaeffer, P., Millet, J., Aubert, J.P., 1965. Catabolic repression of bacterial sporula-
tion. PNAS 54, 704e711.

Scheldeman, P., Herman, L., Foster, S., Heyndrickx, M., 2006. Bacillus spor-
othermodurans and other highly heat-resistant spore formers in milk. J. Appl.
Microbiol. 101, 542e555.

Scheldeman, P., Pil, A., Herman, L., De Vos, P., Heyndrickx, M., 2005. Incidence and
diversity of potentially highly heat-resistant spores isolated at dairy farms.
Appl. Environ. Microbiol. 71, 1480e1494.

te Giffel, M.C., Wagendorp, A., Herrewegh, A., Driehuis, F., 2002. Bacterial spores in
silage and raw milk. Antonie Leeuwenhoek 81, 625e630.

van Asselt, E.D., Zwietering, M.H., 2006. A systematic approach to determine global
thermal inactivation parameters for various food pathogens. Int. J. Food
Microbiol. 107, 73e82.
van der Veen, S., Wagendorp, A., Abee, T., Wells-Bennik, M.H.J., 2009. Diversity
assessment of heat resistance of Listeria monocytogenes strains in a
continuous-flow heating system. J. Food Prot. 72, 999e1004.

van Zuijlen, A., Periago, P.M., Amézquita, A., Palop, A., Brul, S., Fernández, P.S., 2010.
Characterization of Bacillus sporothermodurans IC4 spores; putative indicator
microorganism for optimisation of thermal processes in food sterilisation. Food
Res. Int. 43, 1895e1901.

Veening, J.-W., Kuipers, O.P., Brul, S., Hellingwerf, K.J., Kort, R., 2006. Effects of
phosphorelay perturbations on architecture, sporulation, and spore resistance
in biofilms of Bacillus subtilis. J. Bacteriol. 188, 3099e3109.

Vos, P., Garrity, G., Jones, D., Krieg, N.R., Ludwig, W., Rainey, F.A., Schleifer, K.-H.,
Whitman, W.B. (Eds.), 2009. Bergey’s Manual of Systematic Bacteriology: Vol-
ume 3 the Firmicutes. Springer, New York.

Wescott, G.G., Fairchild, T.M., Foegeding, P.M., 1995. Bacillus cereus and Bacillus
stearothermophilus spore inactivation in batch and continuous flow systems.
J. Food Sci. 60, 446e450.

Witthuhn, M., Lucking, G., Atamer, Z., Ehling-Schulz, M., Hinrichs, J., 2011. Thermal
resistance of aerobic spore formers isolated from food products. Int. J. Dairy
Tech. 64, 486e493.

Xu, S., Labuza, T.P., Diez-Gonzalez, F., 2006. Thermal inactivation of Bacillus anthracis
spores in cow’s milk. Appl. Environ. Microbiol. 72, 4479e4483.

Zeigler, D.R., Pragai, Z., Rodriguez, S., Chevreux, B., Muffler, A., Albert, T., Bai, R.,
Wyss, M., Perkins, J.B., 2008. The origins of 168, W23, and other Bacillus subtilis
legacy strains. J. Bacteriol. 190, 6983e6995.

http://refhub.elsevier.com/S0740-0020(14)00084-7/sref22
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref22
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref22
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref23
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref23
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref23
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref24
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref24
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref24
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref24
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref25
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref25
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref25
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref25
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref26
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref26
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref26
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref27
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref27
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref27
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref27
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref28
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref28
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref28
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref28
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref29
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref29
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref29
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref30
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref30
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref30
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref30
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref31
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref31
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref31
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref31
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref32
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref32
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref32
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref32
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref32
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref33
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref33
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref33
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref33
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref34
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref34
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref34
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref35
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref35
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref35
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref35
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref36
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref36
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref36
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref36
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref37
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref37
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref37
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref38
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref38
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref38
http://refhub.elsevier.com/S0740-0020(14)00084-7/sref38

	Two distinct groups within the Bacillus subtilis group display significantly different spore heat resistance properties
	1 Introduction
	2 Materials and methods
	2.1 Bacterial strains and identification
	2.2 Spore preparation
	2.3 Spore enumeration
	2.4 Batch heating inactivation
	2.5 Heat inactivation using continuous flow
	2.6 Data analysis
	2.7 Statistical analysis
	2.8 Comparison to literature data

	3 Results
	3.1 Identification of strains
	3.2 Spore heat inactivation kinetics following batch heating
	3.3 Spore heat inactivation kinetics following continuous flow heating
	3.4 Spore inactivation during batch and continuous flow heating

	4 Discussion
	5 Conclusions
	Acknowledgments
	Appendix A Supplementary data
	References


