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Pressure-assisted thermal processing (PATP) is being widely investigated for processing low acid
foods. However, its microbial safety has not been well established and the mechanism of inactivation
of pathogens and spores is not well understood. Fourier transform infrared (FT-IR) spectroscopy
was used to study some of the biochemical changes in bacterial spores occurring during PATP and
thermal processing (TP). Spore suspensions (∼109 CFU/mL of water) of Clostridium tyrobutyricum,
Bacillus sphaericus, and three strains of Bacillus amyloliquefaciens were treated by PATP (121 °C
and 700 MPa) for 0, 10, 20, and 30 s and TP (121 °C) for 0, 10, 20, and 30 s. Treated and untreated
spore suspensions were analyzed using FT-IR in the mid-infrared region (4000–800 cm-1). Multivariate
classification models based on soft independent modeling of class analogy (SIMCA) were developed
using second derivative-transformed spectra. The spores could be differentiated up to the strain level
due to differences in their biochemical composition, especially dipicolinic acid (DPA) and secondary
structure of proteins. During PATP changes in R-helix and �-sheets of secondary protein were evident
in the spectral regions 1655 and 1626 cm-1, respectively. Infrared absorption bands from DPA (1281,
1378, 1440, and 1568 cm-1) decreased significantly during the initial stages of PATP, indicating
release of DPA. During TP changes were evident in the bands associated with secondary proteins.
DPA bands showed little or no change during TP. A correlation was found between the spore’s Ca-
DPA content and its resistance to PATP. FT-IR spectroscopy could classify different strains of bacterial
spores and determine some of the changes occurring during spore inactivation by PATP and TP.
Furthermore, this technique shows great promise for rapid screening PATP-resistant bacterial spores.
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INTRODUCTION

Generally bacterial spores have higher resistance to processing
than vegetative cells. Inactivation of bacterial spores while
retaining the nutritional and organoleptic qualities of food is a
challenge to the food industry. Due to the adverse effect of
traditional thermal processing on the nutritional quality of food
products alternative food processing methods such as high
pressure processing are being developed (1). Despite its
advantages, high pressure processing at room temperature may
be ineffective in inactivating spores and combined pressure and
temperature processing has been suggested as an alternative (1, 2).

Pressure-assisted thermal processing (PATP) involves com-
bined application of pressure and temperature to process foods.

The pressure and temperature may range from 600 to 900 MPa
and from 90 to 121 °C, respectively (3, 4). Pressure-assisted
thermal processing, with its advantages such as rapid and
uniform heating and reduced thermal damage, offers many
opportunities to develop food products with microbiological
stability, longer shelf-life, and better nutritional and organoleptic
quality. Processing of low-acid food products such as eggs,
soups, tea, coffee, and potatoes is a widely researched applica-
tion of PATP. Many researchers have investigated the applica-
tion of combined pressure and temperature processing to
inactivate bacterial spores (4–9). However, like many other
sterilization processing methods, the exact mechanism of
inactivation of bacterial spores during PATP is not well
understood. In advancing the applications of PATP it is essential
to understand the effect of processing parameters on the
destruction of spores.

Many factors including sporulation temperature, type of
treatment, spore water content, dipicolinic acid (DPA) level,
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small acid-soluble proteins, minerals, etc. influence the thermal
inactivation mechanism of bacterial spores. These factors have
been researched and reviewed in detail by many (10–14),
although their precise role is unknown. The role of DPA, which
constitutes around 10% of the spore’s dry weight (14), in spore
resistance, is a topic that has provoked considerable discussion.
While it has been fairly well established that DPA plays no
role in spore resistance to dry heat (15), its role in spore wet-
heat resistance is still unclear. Although some correlation has
been reported between DPA and spore wet heat resistance, some
DPA-less spores still retained their wet heat resistance (14).
Some researchers have concluded that resistance to combined
pressure and temperature treatments depend on their ability to
retain DPA (6, 7). Many studies have investigated the correlation
between spore composition, especially DPA content and resis-
tance to pressure and heat (7, 15–17). Almost all of these studies
employ time-consuming traditional plating techniques, extraction
methods, or chromatographic techniques. The typical longer
incubation periods required for spores further increase the
analysis time. Fourier transform infrared (FT-IR) spectroscopy
offers a unique possibility of rapidly monitoring spore inactiva-
tion and related biochemical changes in composition of spores
including DPA with minimum sample preparation.

FT-IR spectroscopy produces specific spectral patterns based
on the chemical composition of the sample, which enables strain-
level discrimination and identification. Numerous studies over
the past few decades have used FT-IR to characterize bacteria
(18). More recently, several studies have attempted to extend
this technique to monitor bacterial spores and their composi-
tion (19–24). Our group has demonstrated the potential of
FT-IR spectroscopy combined with regression multivariate
analysis to predict viable spore concentrations in samples
treated by PATP and thermal processing (TP), based on
differences in biochemical composition (19). This research
paper expands from our previous work by evaluating the
collected FT-IR spectral information using classification
pattern recognition analysis to further our understanding of
the biochemical changes occurring in bacterial spores during
PATP and TP. Understanding spore inactivation mechanisms
during PATP will help in optimizing process parameters, and
attaining food safety goals.

MATERIALS AND METHODS

Bacterial Spore Production and Thermal and Pressure-Assisted
Thermal Processing of Spores. Bacillus amyloliquefaciens TMW
2.479 Fad 82 and B. amyloliquefaciens TMW 2.482 Fad 11/2 were
provided by M. Gänzle, Lehrstuhl für Technische Mikrobiologie,
Technische Universität München (Freising, Germany). Bacillus amy-
loliquefaciens ATCC 49764 and C. tyrobutyricum ATCC 25755 were
purchased from American type Culture Collection (Manassas, VA).
Bacillus sphaericus NZ 14 was provided by R. Robertson, Fonterra
Research Centre (Palmerston North, New Zealand). The conditions for
bacterial cultivation were previously described by Ahn and collaborators
(5). Briefly, B. amyloliquefaciens and B. sphaericus strains were
cultivated aerobically in trypticase soy broth supplemented with 0.1%
yeast extract (Difco, Detroit, MI) for 24 h at 32 and 37 °C, respectively.
Clostridium tyrobutyricum was cultivated anaerobically in reinforced
clostridial medium (Oxoid Inc., Ogdensburg, NY) and incubated at 37
°C for 24 h. Spores were produced as described by Ahn et al. (5). The
cultures were spread plated and incubated up to 15 days until 95%
sporulation was observed by microscopic examination. The spores were
harvested in deionized water, sonicated, heat-shocked, and centrifuged.
The spore pellets were resuspended in deionized water (∼109 spores/mL)
and stored at 4 °C prior to PATP and TP within 30 days of preparation.

TP and PATP of spores were performed as described Ahn et al. (5)
and Subramanian et al. (19). Thermal inactivation of B. amylolique-

faciens TMW 2.479 Fad 82 and TMW 2.482 Fad 11/2 spores was
carried out at 121 °C. The come-up-time (time to attain the set process
conditions) was approximately 3.0 min. Spore suspensions were treated
for 0 (come-up-time), 10, 20, and 30 s holding times. Pressure-assisted
thermal processing of spore samples was carried out using custom-
fabricated high pressure kinetic testing equipment (PT-1, Avure
Technologies, Kent, WA). Spore suspensions were processed at a
temperature of 121 °C and 700 MPa for 0 (come-up-time), 10, 20, and
30 s. The come-up-time of the equipment was 30 s. Freshly harvested
untreated spore suspension was used as a control. Total viable spores
in TP and PATP treated samples was determined by the pour plating
method according to the U.S. FDA Bacteriological Analytical Manual
(BAM) procedure and has been reported previously (5).

Fourier Transform Infrared Spectroscopy and Multivariate
Analyses. FT-IR spectroscopy of the spore samples was carried as
described by Subramanian et al. (19), on an Excalibur 3500GX FT-IR
spectrometer (Digilab, Randolph, MA). Aliquots (200 µL) of the
samples were washed with distilled water, centrifuged, and resuspended
in water. Exactly 10 µL was placed on the attenuated total reflectance
(ATR) accessory with an AMTIR crystal (Pike Technologies, Madison,
WI), vacuum dried, and scanned in the mid-infrared region (4000 and
800 cm-1). For each of the two independently produced and treated
spore samples between three and five spectra were collected, resulting
in 6–10 spectra per sample per treatment time.

Multivariate analyses of the data were carried out using a chemo-
metrics modeling software called Pirouette (v3.11, Infometrix Inc.,
Woodville, WA). For analysis, spectra were imported into Pirouette,
mean-centered, transformed into their second derivative using a
Savitzky-Golay polynomial filter (five-point window), and vector-length
normalized. Discrimination of the spores was carried out using
classification analysis based on soft independent modeling of class
analogy (SIMCA). The data were projected onto principal component
axes to visualize clustering of the five different strains of spores
analyzed. The discriminating power plots provided by SIMCA were
used to identify the infrared bands that were responsible for differentiat-
ing the five strains and to determine the biochemical changes in the
spore composition during PATP and TP.

RESULTS AND DISCUSSION

Pattern recognition analysis of infrared spectral data acquired
during inactivation of Bacillus amyloliquefaciens Fad 82, B.
amyloliquefaciens Fad 11/2, B. amyloliquefaciens ATCC 49764,
B. sphaericus NZ 14, and Clostridium tyrobutyricum ATCC
25755 by PATP and TP (19) was used to obtain some insight
on structural and biochemical changes in spores occurring during
processing. Drying spore suspension on the ATR crystal resulted
in the formation of a uniform film of sample allowing for the
collection of high-quality spectra with distinct spectral features
that were very consistent within each sample. The raw spectra
were transformed into their second derivatives for analyses to
remove the baseline shifts, improve the peak resolution, and
reduce the variability between replicates (25). The raw spectra
and the transformed spectra of Bacillus amyloliquefaciens Fad
82 are shown in Figure 1. FT-IR spectra reflect the total
biochemical composition of the bacterial spore, with bands due
to major cellular constituents such as water, lipids, polysaccha-
rides, acids, etc. The region from 4000 to 3100 cm-1 consists
of absorbance from O–H and N–H stretching vibrations of
hydroxyl groups and Amide A of proteins, respectively. Protein
bands also appear in the regions 1700–1550 cm-1 (amide I and
amide II) and 1310–1250 cm-1 (amide III). The C–H stretching
vibrations of CH3 and >CH2 functional groups appear between
3100 and 2800 cm-1. The spectral range 1250–800 cm-1

consists of signals from phosphodiesters and carbohydrates. The
region between 1800 and 1200 cm-1 has been reported to
contain almost all signals of interest in studying spore inactiva-
tion during PATP and TP (19).
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Classification of Bacterial Spores. Classification models
based on soft independent modeling of class analogy (SIMCA)
were developed using the transformed spectra of Bacillus
amyloliquefaciens Fad 82, B. amyloliquefaciens Fad 11/2, B.
amyloliquefaciens ATCC 29764, B. sphaericus NZ 14, and
Clostridium tyrobutyricum ATCC 25755. SIMCA is a principal
component analysis method that creates a 3D model incorporat-
ing all the classes (different samples) by computing a small
number of orthogonal variables (principal components or PCs).
The samples are projected on to top three PCs which explain
as much of the variation as possible between all the samples in
that class, preserving relevant information and reducing noise
(26). The SIMCA class projection plot (Figure 2) allowed for
visualization of the sample clusters on the three PC axes and
showed that all the five strains formed distinct clusters that were
well separated in 3D space. Bacillus amyloliquefaciens Fad 82
and B. amyloliquefaciens Fad 11/2 (clusters 4 and 5) clustered
far from other strains and very close to each other, indicating
their very similar chemical composition. This reaffirms the
capability of FT-IR combined with multivariate analysis for
classifying and identifying spores up to the strain level based
on biochemical differences.

The spectral wavenumbers and the associated functional
groups that were responsible for the classification of the spores
in SIMCA class projections can be identified using the
discriminating power plot. In the discriminating power plot each
wavenumber in the spectral range is plotted against its power
in discriminating the samples that are being compared. The
higher the value of discriminating power, the greater is
the influence of that wavenumber in classifying the samples.
The discriminating power plot and the important spectral
wavenumbers responsible for the classification of the five strains
of bacterial spores are shown in Figure 3A. The discriminating
power was relatively high (∼7000 units), indicating that the
composition of the strains were significantly different. The FT-
IR spectra of various bacterial spore functional groups, including
DPA and Ca-DPA, and their corresponding band assignments
have been published earlier (19, 20, 23). The major discriminat-
ing band was 1626 cm-1, which corresponds to amide I band
of �-pleated sheets of secondary proteins. The bands associated
with Ca-DPA (1281, 1378, 1440, and 1616 cm-1) greatly
influenced the classification. Bands of DPA (1568, and 1695
cm-1) also contributed to the classification, although not to the
extent as Ca-DPA. Amide I band of R-helical structure of

secondary proteins at 1655 cm-1 was another protein band
discriminating the classes.

The most different strains in the classification model, in terms
of composition, were B. amyloliquefaciens Fad 82 and C.
tyrobutyricum ATCC 25755. These two strains were previously
identified as the most and the least resistant strains to PATP
and TP (5, 6, 19). The main compositional differences between
these two strains are highlighted in Figure 3B. The discriminat-
ing power was relatively very high (∼30000 units), indicating
that the two strains were extremely different in composition.
The spectral bands corresponding to DPA and Ca-DPA (1281,
1378, 1568, and 1695 cm-1) and secondary proteins (1626 and
1655 cm-1) contributed to the differentiating B. amyloliquefa-
ciens Fad 82 from C. tyrobutyricum. This indicates that the DPA

Figure 1. Raw and derivatized spectra of Bacillus amyloliquefaciens Fad 82 spore prepared in distilled water and measured on a three-bounce AMTIR-
ATR crystal. (a) Fourier transform mid-infrared spectra of B. amyloliquefaciens Fad 82 spores obtained in the region 4000–800 cm-1 (b) Transformed
(Savitzky-Golay 2nd derivative, five-point window) mid-infrared spectra of B. amyloliquefaciens Fad 82 spores.

Figure 2. Soft independent modeling of class analogy class projections
of Bacilli and Clostridia spores. 1) Bacillus sphaericus NZ 14, 2) B.
amyloliquefaciens ATCC 49764, 3) Clostridium tyrobutyricum ATCC 25755,
4) B. amyloliquefaciens Fad 82, and 5) B. amyloliquefaciens Fad 11/2.
The mid-infrared spectra were transformed (Savitzky-Golay second
derivative, five-point window) and vector-length-normalized before analysis.
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and secondary protein content are very different among these
strains and may possibly be related to their differences in PATP-
or TP-resistance. The discriminating power between the two
very closely related strains B. amyloliquefaciens Fad 82 and B.
amyloliquefaciens Fad 11/2 was relatively very low (∼950
units); with the major differentiation due to Ca-DPA chelate
(Figure 3C). Comparison of the normalized-spectra of the two
strains showed that the absorption from Ca-DPA chelate at 1378
cm-1 was slightly lower for B. amyloliquefaciens Fad 11/2 than
B. amyloliquefaciens Fad 82 (data not shown). These two strains
have earlier been reported to have high resistance to PATP and
TP, with the resistance of B. amyloliquefaciens Fad 82 slightly
higher than B. amyloliquefaciens Fad 11/2 (5, 7, 19). This minor
difference in their resistance can be related to the small
difference in Ca-DPA levels. The DPA in the spore core is most
likely chelated with divalent cations, mainly Ca2+ (14). The
Ca-DPA chelate is believed to play a role in dehydrating the
spore core and there by increasing the wet heat resistance of
spores (10). Two other bands, 1474 and 1643 cm-1, were found
to be different between B. amyloliquefaciens Fad 82 and B.
amyloliquefaciens Fad 11/2 and can be attributed to amide II
and amide I bands of proteins.

Biochemical Changes in Spores during Pressure-Assisted
Thermal Processing. The spore suspensions were treated for
0, 10, 20, and 30 s holding times. The average number of

survivors at each holding time during processing is summarized
in Table 1. Comparison of the derivatized spectrum of PATP-
treated spore with that of the untreated spore showed various
differences in the regions corresponding to DPA and secondary
proteins (Figure 4). The differences between samples can be
better understood using a discriminating power plot that shows
the relative contribution of each wavenumber in differentiating
the samples. The differences in composition between control
(untreated) and 0 s, 0 s and 10 s, 10 s and 20 s, and 20 s and
30 s PATP-treated B. amyloliquefaciens Fad 82 samples are
shown in Figure 5. This plot essentially provides information
on the changes in biochemical composition at every stage of
PATP. A higher discriminating power value in this plot implies
greater amount of change. Based on the discriminating power
at every processing stage, it was found that most changes
occurred during the come-up-time (line a, before the set
temperature and pressure were attained) as compared to 0–10 s
(line b), 10–20 s (line c), and 20–30 s (line d) of holding.

Peaks corresponding to DPA and secondary proteins showed
significant changes during PATP treatment. The absorbance
signal from Ca-DPA (1281, 1378, and 1440 cm-1) and DPA
(1568 cm-1) reduced tremendously during come-up-time. This
complete loss of signal from DPA-related bands indicates release
of almost all DPA compounds from the spores. Table 1 shows
that inactivation of spores, except C. tyrobutyricum ATCC
25755, occurred gradually over a period that extended beyond
the come-up-time. Therefore, complete release of DPA during
come-up-time may not imply complete inactivation of spores,
and this process may actually happen concurrently or after the
release of DPA. All the strains exhibited similar trends.
Margosch et al. (7) reported that DPA-free spores from pressure
treatment lost their heat resistance. The authors also found that
after more than 90% of the DPA was lost, high-pressure was
not found to further influence spore inactivation and that further
inactivation of the sensitized spores is caused by heat.

Comparison of Changes in Spores during Thermal and
Pressure-Assisted Thermal Processing. Both PATP and TP
caused rapid changes in the spores, almost all of which occurred
during the come-up-time. The type and extent of changes that
occurred in B. amyloliquefaciens Fad 82 and Fad 11/2 during
come-up-time of PATP and TP are highlighted in Figure 6.
The major changes that occurred in B. amyloliquefaciens Fad
82 during come-up-time of PATP are highlighted in Figure 6,
line a. Interestingly, almost all of the changes evident in the
spectra were related to Ca-DPA (1281, 1378, and 1440 cm-1)
andDPA(1568cm-1),whichmaybeinducedbypressure(16,17,27,29).
Bacillus amyloliquefaciens Fad 11/2 also had very similar
changes during inactivation by PATP (Figure 6, line b) as well
as those observed with B. amyloliquefaciens ATCC 49764 and
B. sphaericus NZ 14, with minor variations in the relative
amount of changes in each band (data not shown). Clostridium
tyrobutyricum ATCC 25755, which has earlier been reported
to be very sensitive to PATP and TP (5, 19), showed slightly
different changes during PATP. Very subtle changes (low
discriminating power values) were found to occur at 1655
(amide I bands of R-helical structure of secondary proteins),
1378 (COO— group of Ca-DPA chelate) and 1281 (DPA band)
cm-1 during PATP. Lower discriminating power at wavenum-
bers corresponding to DPA could be interpreted as low DPA
content (especially Ca-DPA) in the spores of C. tyrobutyricum,
which could adversely affect its wet heat resistance.

Similar to PATP, the derivatized spectra of untreated and TP-
treated spores of B. amyloliquefaciens Fad 82 showed significant
differences (Figure 4). Major changes were found in the bands

Figure 3. Discriminating power in classification of bacterial spores.
Prominent bands and their relative importance in discriminating (A) all
five spores investigated in this study, (B) Bacillus amyloliquefaciens Fad
82 from Clostridium tyrobutyricum ATCC 25755, and (C) B. amylolique-
faciens Fad 82 from B. amyloliquefaciens Fad 11/2. Spectral bands that
influence the classification are highlighted.
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associated with secondary proteins. The DPA bands showed
little or no changes. Almost all changes in the spore composition
occurred during the come-up-time. Figure 6 (lines c and d)
show the changes that occurred in the composition of B.
amyloliquefaciens Fad 82 and B. amyloliquefaciens Fad 11/2
during come-up-time of TP. The two B. amyloliquefaciens
strains exhibited slightly different changes during the come-

up-time of TP. The major change in B. amyloliquefaciens Fad
82 was found to occur in the region 1626 cm-1, which is
associated with amide I bands of �-pleated sheets of secondary
proteins (Figure 6, line c). Minor changes were also observed
1281 and 1410 cm-1, which correspond to DPA and C–O–H
bending of lipids, carbohydrates, and proteins, respectively.
Unlike B. amyloliquefaciens Fad 82, B. amyloliquefaciens Fad

Table 1. Average Number of Survivors During Thermal and Pressure-Assisted Thermal Processing Determined by Plate Count Methoda

survivor population (Log CFU/ml)

Bacillus
amyloliquefaciens

Fad 82

Bacillus
amyloliquefaciens

Fad 11/2

Bacillus
amyloliquefaciens

ATCC 49764

Bacillus
sphaericus

NZ 14

Clostridium
tyrobutyricum
ATCC 25755

holding time (s) PATPb TPc PATPb TPc PATPb PATPb PATPb

control 8.8 ( 0.1d 9.1 ( 0.2d 8.8 ( 0.2d 8.4 ( 0.2d 8.2 ( 0.1d 8.4 ( 0.1d 7.9 ( 0.2d

0 3.9 ( 0.2e 5.9 ( 0.0e 3.4 ( 0.1e 4.5 ( 0.0e 3.0 ( 0.2e 0.3 ( 0.1e UD
10 1.4 ( 0.0f 4.1 ( 0.0f 1.3 ( 0.1f 2.2 ( 0.1f 1.4 ( 0.0f 0.3 ( 0.1e UD
20 1.4 ( 0.1f 3.2 ( 0.1g 0.9 ( 0.0h 0.7 ( 0.1g 1.0 ( 0.0g UD UD
30 0.3 ( 0.0g 1.7 ( 0.1h 1.9 ( 0.2g UD UD UD UD

a UD, Undetectable by plating method at a detection limit of 2 CFU/ml. b Pressure-assisted thermal processing (PATP) of the spore samples was carried out for 0, 10,
20 and 30 s at 121 °C and 700 MPa, after the initial come-up-time of 30 s. c Thermal processing (TP) of the spore samples was carried out for 0, 10, 20 and 30 s at 121
°C, after the initial come-up-time of 3 min. d–h Means ((standard deviation) with different subscript within a column are significantly different (p < 0.05).

Figure 4. Changes in composition of Bacillus amyloliquefaciens Fad 82 during thermal and pressure-assisted thermal processing. The region 1800–1200
cm-1 was used in the analyses as almost all the changes were in this region. Derivatized (Savitzky-Golay 2nd derivative) spectra of (—) untreated B.
amyloliquefaciens Fad 82, (- - -) B. amyloliquefaciens Fad 82 at the end of come-up-time during thermal processing, and (.......) B. amyloliquefaciens Fad
82 at the end of come-up-time during pressure-assisted thermal processing.

Figure 5. Discriminating powers in differentiating Bacillus amyloliquefaciens
Fad 82 treated by pressure-assisted thermal processing for different holding
times. Changes that occurred in B. amyloliquefaciens Fad 82, (a), during
come-up-time, (b) from come-up-time to 10 s of holding, (c) from 10 to
20 s of holding, and (d) from 20 to 30 s of holding are highlighted. Higher
the discriminating power value, the greater is the change.

Figure 6. Biochemical changes in spore composition during come-up-
time in (a) Bacillus amyloliquefaciens Fad 82 during PATP, (b) B.
myloliquefaciens Fad 11/2 during PATP, (c) B. amyloliquefaciens Fad 82
during TP, and (d) B. amyloliquefaciens Fad 11/2 during TP. The come-
up-time for PATP and TP was 30 s and 3 min, respectively.
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11/2 (Figure 6, line d) exhibited major changes at 1410 cm-1,
during both PATP and TP, and only minor changes at 1626
cm-1.

Most of the changes during PATP were associated with DPA
and Ca-DPA. However, TP was found to cause no changes in
the DPA content of spores. Pressure is known to release DPA
from spores there by sensitizing them to heat (16, 17, 27, 29).
The occurrence of changes in DPA content during PATP and
nonoccurrence of similar changes in DPA content during TP
suggests that PATP may sensitize spores by releasing DPA,
followed by inactivation. Overall, the value of discriminating
powers in PATP-treated spore samples is significantly higher
than the discriminating power values in TP-treated spore
samples, indicating greater extent of change during PATP than
TP. PATP caused more number of changes (indicated by more
number of peaks) in spores than TP. This suggests that combined
pressure and temperature treatment has a multipronged inactiva-
tion mechanism that is more effective than temperature treatment
alone.

Rapid Screening of Spores Resistant to Pressure-Assisted
Thermal Processing. The resistances of the five strains
investigated in this research to PATP were found to be in the
following order: B. amyloliquefaciens Fad 82 > B. amylolique-
faciens Fad 11/2 > B. amyloliquefaciens ATCC 49764 > B.
sphaericus NZ 14 > C. tyrobutyricum ATCC 25755 (Table
1). Bacillus amyloliquefaciens Fad 82 has been suggested as
possible surrogate organism for studying the effectiveness of
combined pressure and temperature processing (5, 7). By
comparing the biochemical composition of the PATP-resistant
B. amyloliquefaciens Fad 82 with other organisms, the infrared
bands and associated compounds that contribute to PATP-
resistance could be inferred. Figure 7 highlights the overall
compositional difference between B. amyloliquefaciens Fad 82
and the other four strains investigated in this research. Major
differences between B. amyloliquefaciens Fad 82 (most resistant)
and C. tyrobutyricum ATCC 25755 (least resistant) were in DPA
and Ca-DPA (1378, 1695, 1568, 1281, and 1440 cm-1) and
secondary proteins (1626 and 1655 cm-1) (Figure 7, line a).
The discriminating power for the difference between C. tyrobu-
tyricum and B. amyloliquefaciens Fad 82 was the largest,
indicating that these two strains are the most different in terms

of composition. Bacillus sphaericus was also found be different
in similar regions (Figure 7, line b). However, the discriminat-
ing power was lower than C. tyrobutyricum,implying that B.
sphaericus is more similar in composition to B. amyloliquefa-
ciens Fad 82 than C. tyrobutyricum. Bacillus amyloliquefaciens
ATCC 49764 was only slightly different from B. amylolique-
faciens Fad 82 (Figure 7, line c). The difference was mainly in
Ca-DPA content (1378 cm-1). Bacillus amyloliquefaciens Fad
11/2 was found to be the most similar to B. amyloliquefaciens
Fad 82 (Figure 7, line d) with relatively very small difference
in Ca-DPA content.

Interestingly, the difference in the Ca-DPA content between
B. amyloliquefaciens Fad 82 and other strains could be correlated
to the PATP-resistance. By using B. amyloliquefaciens Fad 82
as reference for comparison, the peak height due to Ca-DPA
(1378 cm-1) reduced with increasing PATP-resistance. The least
resistant strain, C. tyrobutyricum, had the largest difference in
Ca-DPA content from B. amyloliquefaciens Fad 82. Bacillus
amyloliquefaciens Fad 11/2, which has slightly lower resistance
to PATP than B. amyloliquefaciens Fad 82, had the smallest
difference in Ca-DPA content. Peaks of secondary proteins
(1626 and 1655 cm-1) also showed possible correlations with
PATP-resistance. As evident in Figure 7, the peak height at
1626 and 1655 cm-1 reduced with increasing PATP-resistance.
These data suggest that identification of unique infrared spectral
signatures (possibly related to Ca-DPA content) could provide
information regarding the PATP-resistance of spores.

The resistance of bacterial spores to certain processing/
sterilization method is currently determined by traditional plating
methods that are time consuming and expensive in the long run.
A rapid screening method based on FT-IR spectroscopy by
monitoring few selected compositional parameters can be a
valuable tool to industry and research institutions. PATP-
resistance could be influenced by many other factors other than
Ca-DPA, including stability of the cortex and membrane. The
proposed screening method needs further investigation with
many different species and strains of spores. Additionally,
whether or not this technique can be used to screen for TP-
resistant spores also needs to be investigated. In this research,
TP was not found to cause major changes in DPA content.
Hence, spectral peaks other than DPA compounds may have to
be monitored to draw inferences about TP-resistance. Neverthe-
less, the proposed rapid screening method shows promise and
provides opportunities for further research.

To conclude, this study shows that a rapid technique based
on FT-IR spectroscopy combined with multivariate classification
algorithms could be used to discriminate and identify bacterial
spores to the strain level based on difference in chemical
composition, mainly secondary proteins and DPA. FT-IR
spectroscopy also provided unique information for understanding
the biochemical and structural changes in spores during
inactivation. Rapid changes were found to occur in secondary
structure of proteins and DPA content during initial stages of
PATP. DPA release was evident during PATP treatment. We
observed a correlation between Ca-DPA levels and the spore’s
resistant to PATP, which could be used for screening PATP-
resistant bacterial spores. Although this study provided some
insights into the biochemical changes occurring in spore dur-
ing inactivation by PATP, the exact role of many components
including DPA and their processing condition-dependent role
in inactivation of spores is yet to be understood clearly.
Nevertheless, FT-IR spectroscopy shows promise as a simple
and rapid tool for investigating the mechanism of spore
inactivation during processing.

Figure 7. Differences in the biochemical composition of Bacillus
amyloliquefaciens Fad 82 and (a) Clostridium tyrobutyricum ATCC 25755,
(b) B. sphaericus NZ 14, (c) B. amyloliquefaciens ATCC 49764, and (d)
B. amyloliquefaciens Fad 11/2. Greater the discriminating power value at
a particular wavenumber the greater is difference in the functional groups
associated with that wavenumber.
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