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Abstract: Clostridium perfringens is a major pathogen causing foodborne illnesses. In this experiment,
the inactivation effects of heat and lactic acid (LA) treatments on C. perfringens spores was investigated.
Heat treatment (80 ◦C, 90 ◦C and 100 ◦C), LA (0.5% and 1%), and combined LA and heat treatments for
30 and 60 min were performed. Residual spore counts showed that the count of C. perfringens spores
was below the detection limit within 30 min of treatment with 1% LA and heat treatment at 90 ◦C.
Scanning electron microscopy and confocal scanning laser microscopy results showed that the surface
morphology of the spores was severely disrupted by the co-treatment. The particle size of the spores
was reduced to 202 nm and the zeta potential to −3.66 mv. The inner core of the spores was disrupted
and the co-treatment resulted in the release of 77% of the nuclear contents 2,6-pyridinedicarboxylic
acid. In addition, the hydrophobicity of spores was as low as 11% after co-treatment with LA relative
to the control, indicating that the outer layer of spores was severely disrupted. Thus, synergistic
heating and LA treatment were effective in inactivating C. perfringens spores.

Keywords: C. perfringens; spore; lactic acid; mild heat; DPA

1. Introduction

Clostridium perfringens is a Gram-positive anaerobic bacterium widely present in the
environment and can be found in the air, soil, water, and human and animal intestines [1,2].
C. perfringens can produce metabolically dormant spores that are more resistant to various
lethal factors, such as heat, chemicals, radiation, osmotic pressure, sodium nitrite, and pH
than vegetative cells [3]. The spores have complex structures that make them resistant
to high temperatures, high pressure, desiccation, and irradiation [4]. Therefore, killing
them through conventional sterilization techniques is difficult. Once conditions are suit-
able, the spores can multiply rapidly and produce toxins that cause food spoilage and
deterioration, leading to foodborne diseases [5]. C. perfringens isolates can be classified
into one of 5 types (A to E) according to their ability to produce toxins into α-, β-, ε- and
iota-toxins. C. perfringens isolates produce C. perfringens enterotoxin (CPE), an important
human gastrointestinal pathogen that causes C. perfringens type A food poisoning and
non-food sources food poisoning gastrointestinal disease [1]. CPE is only produced during
enterosporation [3]. Vacuum-packed food in markets remains susceptible to these problems
after a certain period of storage mainly because conventional sterilization technologies
cannot inactivate residual spores or spores in contaminated food; these spores germinate
and grow under suitable conditions, becoming the main food spoilage bacteria [6].

Despite the efforts to find new sterilization technologies that have less impact on food
properties, heating is still considered the most effective technique because of the reduced
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lethality of non-thermal techniques in terms of bacterial spore inactivation [7]. However,
the heating sterilization at high temperature (121–135 ◦C) and high pressure can negatively
affect flavor, color, and quality due to protein deformation and nutrient breakdown of
food [8]. Lactic acid (LA) is a natural organic acid that has long been designated by the U.S.
Food and Drug Administration as a safe product “Generally Recognized As Safe” (GRAS)
for meat products, and it has no limit in the acceptable daily intake for humans [9]. The
scientists studied the effect of heat treatment intensity on the ability of citric acid or LA to
prevent the viability of Bacillus coagulans spores after storage, and they found that organic
acid could enhance the ability to inactivate B. coagulans spores by heat treatment [10]. Sun
et al. also reported that LA and acetic acid have a synergistic effect on the inhibition of
acid-tolerant spore-forming spoilage bacteria [11]. C. perfringens is one of the most common
foodborne pathogens, so how to establish an effective method to inactivate this spore
in food is still a problem to be solved. So far, Velugoti et al. reported the chemicals of
buffered calcium, potassium, and sodium citrate can inhibit the germination and growth of
C. perfringens spores [12]. Akhtar et al. formulated an inactivation strategy of C. perfringens
spores using the combination of low pressure (100–200 MPa) and high temperature [13].
The combination of LA and heat treatment to inactivate C. perfringens spores was rarely
studied, so the effect of LA and mild heat treatment was evaluated in this study.

In this experiment, the effect of LA (0.5%, 1%), mild heat treatment and their combina-
tion to inactivate C. perfringens spores was studied. The possible mechanism of inactivation
of C. perfringens spores by the combination treatment of LA and mild heat was further
investigated by measuring the DPA content of treated spores, the hydrophobicity of the
outer structural protein and the changes in the zeta potential of the amino acid charge of
the outer protein.

2. Materials and Methods
2.1. Bacterial Strains and Spore Preparation

C. perfringens strain C1 was isolated from chilled chicken meat and identified through
16S rRNA sequencing. C. perfringens was cultured in tryptone glucose yeast medium
(Qingdao Gaoke Park Haibo Biotechnology Co., Ltd., Qingdao, China) in an anaerobic
culture tank (Mitsubishi Gas Anaerobic Culture Tank, Chiyoda District, Tokyo, Japan) for
24 h. An anaerobic gas production kit (Haibo Biotechnology Co., Ltd., Qingdao, China)
was used in this study.

C. perfringens spores were prepared used the methods described by Juneja et al. [14]
with minor modifications. The cultured C. perfringens (0.1 mL) was added to 10 mL of fluid
thioglycollate medium (FTG, Haibo Biotechnology Co., Ltd., Qingdao, China) and activated
by heating in a water bath at 75 ◦C for 20 min. The C. perfringens was inserted into the FTG
to make the C. perfringens proliferate and cultured anaerobically for 24 h. In the medium,
tryptone and yeast extract provided carbon and nitrogen sources, vitamins, and growth
factors. After activation, the cultured bacteria were rapidly cooled and incubated for 18 h
anaerobically. Then, 1 mL of this culture was further aspirated into 10 mL of FTG broth
and incubated at 37 ◦C for 4 h. The cultures were further incubated in modified Duncan-
Strong broth for 3 days anaerobically. The spores were collected through centrifugation
at 16,000× g and 4 ◦C for 20 min and re-suspended in 0.1% sterile peptone water. The
concentration of the prepared spores (~4.2 log CFU/mL) was determined after incubation
on tryptone sulfite-cycloserine agar (TSC, Qingdao Haibo Biotechnology Co., Ltd., Qingdao,
China) anaerobically for 24 h. The spores were stored at 4 ◦C until use.

2.2. LA and Heat Treatment

The C. perfringens spores were subjected to heat treatment (80 ◦C, 90 ◦C, and 100 ◦C),
LA treatment (LA, 0.5%, and 1% (V/V)), and combined LA and heat treatments for 30 and
60 min. The spores were heat-activated at 75 ◦C for 20 min and then rapidly cooled to
room temperature [15]. Then, 0.5% and 1% LA solutions were prepared by diluting 85%
LA (Tianjin Comio Chemical Reagent Development Center) in sterile deionized water,
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respectively. Heat treatment was carried out in a constant temperature water bath. For
combined LA and heat treatments, 0.5 mL of C. perfringens spores at a concentration of
4.2 log CFU/mL were added to 4.5 mL of different concentrations of LA solution for 30 min.
The solutions were heating at different temperatures for 30 and 60 min. Finally, 0.5 mL of
4.2 log CFU/mL of C. perfringens spores were added to 4.5 mL of 0.85% NaCl and left at
room temperature as a negative control.

2.3. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used in visually observing the degree of cell
damage in C. perfringens spores after different treatments [16]. The spores were treated
with 1% LA, heated at 90 ◦C, and subjected to treatment with 1% LA and heat at 90 ◦C for
30 min according to the method listed in 2.2. The samples after different treatment were
centrifuged at 5000× g for 10 min to obtain the precipitate, respectively. The samples used
for SEM analysis were prepared according to previous paper [17]. The obtained precipitates
were suspended in 2.5% (v/v) glutaraldehyde, fixed at 4 ◦C for at least 12 h, dried, and
placed in 1% (v/v) osmolytic acid for 90 min [18,19]. After gradient dehydration, the
samples were sprayed with gold and observed through SEM (EVO-LS10, Zeiss, Oberkohen,
Germany) at 5000× magnification.

2.4. Confocal Laser Scanning Microscopy (CLSM)

The permeability of cell membranes of C. perfringens spores subjected to LA and heat
treatment was analyzed by CLSM according to previous papers [18,19]. The spores were
treated with 1% LA, heated at 90 ◦C, and subjected to treatment with 1% LA and heat
at 90 ◦C for 30 min according to the method listed in 2.2. The samples after different
treatment were centrifuged at 5000× g for 10 min at 4 ◦C to obtain the precipitate. Each
precipitate was added in 1 mL of 0.1 mol PBS, and was stained with 3 µL staining solution
for 30 min protected from light in LIVE/DEAD BacLight viability Kit (Molecular Probes;
Life Technologies, Eugene, OR, USA). CLSM images were observed with Leica Ultra View
VOX CLSM (Leica Microsystems, Ltd., Wetzlar, Germany).

2.5. Determination of the Release Rate of DPA

The release of DPA in treated C. perfringens spores was determined through fluores-
cence spectrophotometry with slight modifications according to the previous method [20].
After the C. perfringens spores were treated according to the method in Section 2.2, they
were centrifuged at 5000× g and 4 ◦C for 5 min. The supernatant was collected and mixed
with TbCl3 solution (50 µM, pH 5.6). This lipid of 200 µL was dropped into a 96-well
enzyme label plate for the assay. Fluorescence intensity was measured with a fluores-
cence spectrophotometer, and the excitation and emission light wavelengths were 270 and
545 nm, respectively. Untreated spores were included in the control group, and where the
corresponding amount of spores was boiled for 1 h as the total DPA amount in all spores.
The percentage of DPA release (DPA%) was calculated using the following equation:

DPA% =
Fd
Fi

× 100% (1)

where Fd is the amount of DPA released by the C. perfringens spore treatment group and Fi
is the amount of initial total DPA.

2.6. Measurement of Particle Size and Zeta Potential

The particle size and zeta potential of C. perfringens spores after different treatments
were determined with reference to the previously published methods [21,22]. C. perfringens
spores need to be activated at 75 ◦C for 20 min and treated according the above. The cuvette
was firstly rinsed, and then the samples were poured into the test cuvette to a height of
about 2/3 of the cuvette, respectively. The frosted side of the cuvette faced itself and was
placed in the clip slot to avoid contact with the non-frosted side. The sample was added to
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the potentiometric cell avoiding bubbles and do not touch the copper sheets on both sides
with your hands, and the Nano-ZS particle size analyzer (Nano ZS 90, Malvern, UK) was
operated to measure particle size and zeta potential.

2.7. Rate of Hydrophobicity Measurements

The hydrophobicity of the spore surface was determined through the phase separation
of hexadecane and water according to the previous method [21,22] with slight modifications.
The concentration of spores was kept consistent at 4.2 log CFU/mL for each experiment.
The initial OD600 value of untreated or treated spore suspension represented by A0.
Approximately 3 mL of spore suspension was vortex-mixed with 0.5 mL of hexadecane for
30 s and left to stand at room temperature for 15 min. The supernatant was aspirated, and
the OD600 value (Af) was measured. The surface hydrophobicity of the spore suspension
was calculated using the following equation:

RSH =
A0 − Af

A0
× 100% (2)

2.8. Statistical Analysis

All the samples of this experiment had three replicates, and data were finally calculated
as mean and standard deviation. The data were statistically analyzed using SPSS software.
One-way analysis of variance and LSD tests were used to indicate significant differences
(p < 0.05).

3. Results and Discussion
3.1. Inactivation of C. perfringens Spores

The effectiveness of different treatments in inactivating C. perfringens spores is illus-
trated in Figure 1. The antibacterial agents of 0.5% LA and 1% LA can only inactivate
0.02 and 0.2 log CFU/mL of C. perfringens spores within 30 min (Figure 1A). When the
treatment time was extended to 60 min, they inactivated about 0.29 and 0.48 log CFU/mL of
C. perfringens spores (Figure 1B). Heat treatments at 80 ◦C and 90 ◦C for 30 min inactivated
C. perfringens spores at about 0.52 and 1.8 log CFU/mL, respectively. After pretreatment
with 0.5% LA for 30 min, heat treatments at 80 ◦C and 90 ◦C inactivated C. perfringens spores
of 1.93 and 2.64 log CFU/mL, respectively. After pretreatment with 1% LA for 30 min, heat
treatments with 80 ◦C and 90 ◦C inactivated C. perfringens spores at 2.3 and 3 log CFU/mL,
respectively. At the same temperature, the number of inactivated spores inactivated by
combined LA and heat treatments was much higher than the totaled amounts in LA and
heat treatments (p < 0.05).

As shown in Figure 1B, the number of C. perfringens spores decreased to less than
0.2 log CFU/mL after 60 min of heat treatment at 90 ◦C, and they were completely inacti-
vated to zero after 30 and 60 min of heat treatment at 100 ◦C (Figure 1A). Pretreatment with
1% LA for 30 min followed by heat treatment at 90 ◦C for 60 min completely inactivated
3.2 log CFU/mL of C. perfringens spores. This result suggested that pretreatment with
LA helped reduced the required temperature for heat treatment to completely inactivate
C. perfringens spores.

C. perfringens spores were extremely resistant to heat, acid, and radiation [23,24] and
can survive after the sterilization of meat products [25]. Wang et al. showed that more than
90% of C. perfringens spores are inactivated when incubated in water at 90 ◦C and 100 ◦C for
10 to 30 min [26]. Liang et al. found that combined treatment with 200 MPa and 1 mg/mL
PGF at 80 ◦C for 20 min resulted in 8.6 log inactivation of Bacillus subtilis 168 and more
than 5 log reduction of spores of Clostridium perfringens PA3679, respectively [27]. Evelyn
et al. investigated the effect of simultaneous sonication and heating (TS, thermosonication)
on spore inactivation in beef slurry. A 60 min TS procedure (24 kHz, 0.33 W/g) at 75 ◦C
resulted in less than 1.5 log reduction of spores in C. perfringens NZRM 898 and NZRM
2621 [28]. Chen et al. [29] reported the inactivation of E. coli in organic broccoli subjected to
combined LA and mild heat treatments, and in vitro survival kinetics showed a dramatic
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decrease in the number of cells. The decrease was undetectable after 120–135 s. Wang et al.
showed that pathogens can be completely inactivated after exposure to LA [30]. In our
experiments, LA almost broke the outer membrane and induced high protein leakage, and
mild heating exacerbated the membrane damage caused by LA.
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ent lowercase letters indicated significant differences between treatments (p < 0.05); <0.2 log CFU/mL
indicated absence of bacteria on the TSC plate but indicated micro-turbidity in the access FTG.

3.2. Scanning Electron Microscopy (SEM) Analysis

SEM was used in analyzing damage to the cell membranes of C. perfringens spores
after different treatments. The result is shown in Figure 2. The surfaces of untreated
spore-forming C. perfringens cells showed regular and intact rod-like morphology without
obvious surface damage (Figure 2A). After treatment with 1% LA for 30 min, the surface
of C. perfringens spores remained intact with slight wrinkles (Figure 2B). After heat treat-
ment at 90 ◦C for 30 min, the surfaces of C. perfringens spores had slight fractures and
folds (Figure 2C). A single round of 1% LA and heat treatment did not cause significant
morphological changes in the cell membranes of C. perfringens spores. After treatment with
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1% LA and heat at 90 ◦C for 30 min (Figure 2D), the C. perfringens spores were dried and
nicked, indicating severe damaged. The adhesion between the spore coat and cortical layer
was prevented by LA treatment alone, and combined treatments synergistically produced
significant increase in mechanical damage, causing changes in spore morphology. This
suggests that although organic acids have some effect on spores, and the overall effect is
still inferior to that of the combined treatment. It has been documented that LA causes
cell collapse or even fragmentation with distinct pits and gaps [30]. This is consistent with
what we observed under scanning electron microscopy.
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(B), treatment of 90 ◦C; (C), treatment of 1% LA; (D), combined treatment (90 ◦C and 1% LA).

3.3. Confocal Laser Scanning Microscopy (CLSM) Analyses

Changes in the cell membrane permeability of C. perfringens spores after different
treatments were analyzed through laser confocal microscopy. The results are shown in
Figure 3. The untreated C. perfringens spores were almost bright green and the inner
spores were black (Figure 3A). The green dye can inter into the cell membrane of intact
C. perfringens spore cells but cannot inter into the thick spore membrane. The green color
indicated that their cell membranes were intact. After treatment with 1% LA for 30 min,
some C. perfringens spores turned yellow and red, indicating that some cell membranes
were disrupted (Figure 3B). After treatment with heat at 90 ◦C for 30 min, a small proportion



Foods 2022, 11, 3771 7 of 12

of C. perfringens spores turned yellow and red (Figure 3C). These images indicated that
1% LA or heat treatment alone did not increase the permeability of C. perfringens spores.
After treatment with 1% LA at 90◦ C for 30 min, C. perfringens spores overwhelmingly
turned yellow and red (Figure 3D), indicating that the cell membranes of the spores were
severely disrupted. Ning et al. [31] found that the untreated bacterial cells with intact
cell membranes emitted green fluorescence. After treatment with phenyl lactate, the cells
fluoresced yellow or orange-red indicated that the cell membranes had different levels
of disruption.
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3.4. Determination of 2,6-Pyridinedicarboxylic Acid Release Rate (DPA%)

The core layer of a spore contains a large amount of DPA, which is specific to the spore.
After different treatments, DPA leaked out of the spores, indicating that the core layers
of the spores were damaged. Changes in the DPA of the spores after different treatments
are shown in Figure 4. Only 9.4% of DPA was released from the untreated spores. The
DPA% values after treatment with 0.5% LA and 1% LA for 30 min were 13.5% and 17.6%,
respectively. The DPA% values of the spores were 28% and 45% after being treated with
heat at 80 ◦C and 90 ◦C for 30 min, respectively. This result showed that the effect of
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individual treatment DPA release was unsatisfactory, except for the group treated at 90 ◦C
alone, in which it was slightly more pronounced. The DPA% values were 52% and 60%
with 0.5% LA and 1% LA and heat treatment at 80 ◦C for 30 min. The concentrations of
lactic acid treated separately at 0.5% and 1%, combined with heat treatment for 30 min at
80 ◦C, resulted in 52% and 60% release of DPA, respectively. After 0.5% LA and 1% LA and
90 ◦C heat treatment for 30 min, DPA% values were 67.4% and 77%, respectively. These
results showed that the effect of the combined treatment was significantly stronger than
that of a single treatment (p < 0.05). The combined treatment caused a gradual increase
in DPA%, and the permeability of the inner membrane of the spore greatly increased or
even collapsed due to the inactivation of structural proteins and subsequent release of DPA.
Bevilacqua et al. [32] reported the inactivation of Alicyclobacillus acidoterrestris spores under
different stress conditions (pH, temperature of 70 ◦C, hydrogen peroxide, p-coumaric acid,
lysozyme) and the release of DPA, and the results confirmed that the DPA release from
spores was partially related to their inactivation. Fan et al. investigated the synergistic
inactivation and mechanism of Bacillus subtilis spores using combined heat and ultrasound
treatment and found the release of DPA from spores after treatment and the change in
equilibrium density between the untreated and treated groups. This study concluded that
the release of DPA from B. subtilis spores occurred mainly after spore death [16].
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3.5. Measurement of Particle Size and Zeta-Potential

The particle sizes of the spores after different treatments are shown in Figure 5A.
Whether the outer proteins of C. perfringens spores were damaged was determined by
measuring the particle sizes of the spores. Untreated spores reached a particle size of
333 nm, and after treatment with 0.5% LA and 1% alone, particle size values of 323 and
301 nm were obtained. The particle sizes of C. perfringens spores were 293 and 255 nm after
heat treatment at 80 ◦C and 90 ◦C for 30 min, respectively. The single treatments had little
effect on particle size. After the treatment with 0.5% or 1% LA at 80 ◦C for 30 min, the spore
particle sizes were 244 and 232 nm, respectively. After treatment with 0.5% LA or 1% LA at
90 ◦C for 30 min, the spore particle sizes were 208 or 203 nm, respectively. Compared with
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a single treatment (p < 0.05), the combined treatments resulted in a smaller spore particle
size, indicating that the combined treatment disrupted the outer proteins of C. perfringens
spores and was more effective than a single treatment. Fan et al. (2019) [16] reported the
inactivation mechanism of ultrasonic synergistic thermal inactivation of B. subtilis spores,
and spore particle size decreased after combined ultrasound and heat treatments at 80 ◦C,
and their particle sizes decreased to a considerably larger extent than those of spores treated
with combined ultrasound and heat treatment at 70 ◦C. LV et al. [21] showed the reason for
the change in ultrasound on spore particle size is that the outer layer proteins of the spores
were damaged during ultrasound treatment, resulting in a reduction in spore particle
size. Pizarro-Guajardo et al. [33] found that the exospore of the spore is a balloon that
occupies a large volume and the apparent reduction in size is caused by the detachment of
the exospore.
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Zeta potential depends on the charges of amino acids in the outer protein layers of
spores. If the outer layer structure is disrupted, zeta potential decreases. As shown in
Figure 5B, the absolute values of zeta potential for treatment with 0.5% LA, 1% LA, 80 ◦C,
and 90 ◦C decreased to −20.1, −18.5, −13.2, and −8.5 mv, respectively, compared with
those of the control (p < 0.05), whereas the absolute values of zeta potential for 0. 5% LA, 1%
LA, and 30 min of heating at 80 ◦C were −8.4, −6.7, and −5.6, and −3.7 mv absolute values
of zeta potential for 0.5% LA, 1% LA and 30 min of heating at 90 ◦C. Clearly, a combination
of LA and heat treatment was more effective, especially treatment with 1% LA at 90 ◦C for
30 min. This result indicated that the external structural proteins of the C. perfringens spores
were disrupted during treatment, leading to decreases in the surface areas of the spores
and thus decreases in the absolute values of zeta potential. Fan et al. [16] proposed that
the absolute value of the zeta potential of spores treated with combined ultrasound and
heat treatments decreased and the outer structural proteins of the spores were damaged
during the combined treatment. The strength of mutual repulsion between individual
spores decreased with the absolute value of zeta potential [21]. Chen et al. [34] found that
untreated spores had the highest absolute zeta potential, which decreased with increasing
treatment time. In fact, solutions with high absolute zeta potential are considered to be
more stable.

3.6. Hydrophobic Analysis

The outer structure of the spore had 60–70 different proteins that are importantly
linked to spore structure assembly, spore resistance, and surface property exertion. Disrup-
tion or inactivation of the outer structure proteins of a spore changes surface properties,
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such as hydrophobicity and reduction in the absolute value of the zeta potential. The
hydrophobicity of C. perfringens spores after different treatments is shown in Figure 6.
Untreated spores had 88% hydrophobicity. After treatment with 0.5% LA and 1% LA for
30 min, the hydrophobicity of the spores decreased from 88% to 80% and 75%, respectively
(p < 0.05). The hydrophobicity of the spores decreased from 88% to 49% and 40% after heat
treatment at 80 ◦C and 90 ◦C for 30 min, respectively. These results indicated slight decrease
in the hydrophobicity of the spores under a single treatment. The hydrophobicity of the
spores decreased from 88% to 34% and 26.7% after treatment with 0.5% LA at 80 ◦C and 1%
LA at 80 ◦C for 30 min, respectively. The hydrophobicity of the spores decreased from 88%
to 20% and 11.3% after treatment with 0.5% LA at 90 ◦C and 1% LA at 90 ◦C for 30 min.
This result indicated that the combined treatment with LA and heat treatment resulted in
the low hydrophobicity of the spores. Adhesion and hydrophobicity of the spore surface
are influenced by the protein composition of the spore coat [22,35]. Kutima and Foegeding
noted that the hydrophobicity of waxy spores decreased when the spore coat was removed
by chemical treatment [36]. The reason for this decrease in our hydrophobicity may be
due to the fact that LA has previously disrupted the spore coat, resulting in a decrease in
hydrophobicity of the spores.
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4. Conclusions

In this study, the combination of LA and mild heat treatment achieved better effect to
inactivate C.perfringens spores than single treatment. The effect of mild heat treatment is
enhanced by the combined use of LA. The combined treatment caused a gradual decrease
in the amino acid charge of the outer protein, and damaged the outer layer structure of the
spore. The DPA, the core material inside the spore, was largely released after the combined
treatment, indicating that the inner membrane of the spore was seriously damaged and
its permeability was increased. The combination of LA and mild heat treatment can be a
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potential method to inactivate the spores in food products which cannot be sterilized at
high temperature.

Author Contributions: Conceptualization, T.L. and H.B.; investigation, T.L. and Z.S.; writing—original
draft preparation, T.L., Z.S. and X.W.; writing—review and editing, H.B., F.L. and D.W.; supervision,
F.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (31871866),
the Innovation of Agricultural Science and Technology of Jiangsu Province (CX(22)2044), China
Agriculture Research System of MOF and MARA [CARS-41], and Jiangsu Procambarus Clarkia
Industry Technique System (JFRS-03).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest or relationship.

References
1. Zhen, J.; Liu, Y.H.; Hwang, C.A.; Hunag, L.H. Effect of combination of oxyrase and sodium thioglycolate on growth of Clostridium

perfringens from spores under aerobic incubation. Food Microbiol. 2020, 89, 103413.
2. Monma, C.; Hatakeyama, K.; Obata, H.; Yokoyama, K.; Konishi, N.; Itoh, T.; Kai, A. Four foodborne disease outbreaks caused by

a new type of enterotoxin-producing Clostridium perfringens. J. Clin. Microbiol. 2015, 53, 859–867. [CrossRef] [PubMed]
3. Paredes-Sabja, D.; Raju, D.; Torres, J.A.; Sarker, M.R. Role of small, acid-soluble spore proteins in the resistance of Clostridium

perfringens spores to chemicals. Int. J. Food Microbiol. 2008, 122, 333–335. [CrossRef] [PubMed]
4. Liang, D.; Chen, F.; Hu, X. Research progress on the spore germination. J. Chin. Inst. Food Sci. Technol. 2018, 18, 221–228.
5. Cheng, Q.; Huang, S.S.; Chen, L.M. Research advances on the germination mechanism of bacillus spores. Chin. Bull. Life Sci. 2010,

22, 878–885.
6. Zhu, Y.D.; Zhang, J.Y.; Li, M.Y.; Zhao, L.J.; Zhao, G.M.; Ma, Y.Y.; Ren, H.R.; Wang, W.T. Effect and prediction of peptidoglycan on

spore germination rate of Clostridium perfringens in meat products. Trans. Chin. Soc. Agric. Eng. 2020, 36, 287–293.
7. Coleman, W.H.; Chen, D.; Li, Y.Q.; Cowan, A.E.; Setlow, P. How moist heat kills spores of Bacillus subtilis. J. Bacteriol. 2022, 189,

8458–8466. [CrossRef]
8. Leuschner, R.G.K.; Lillford, P.J. Thermal properties of bacterial spores and biopolymers. Int. J. Food Microbiol. 2002, 80, 131–143.

[CrossRef] [PubMed]
9. Degeer, S.; Wang, L.; Singh, M.; Bilgili, S.; Bratcher, C. Evaluation of lactic acid and sodium metasilicate against pathogens of

concern on fresh beef, pork, and deli meats. Meat Sci. 2015, 101, 155. [CrossRef]
10. Palop, A.; Marco, A.; Raso, J.; Sala, F.J.; Condón, S. Survival of heated Bacillus coagulans spores in a medium acidified with lactic

or citric acid. Int. J. Food Microbiol. 1997, 38, 25–30. [CrossRef]
11. Su, R.X.; Vermeulen, A.; Devlieghere, F. Modeling the combined effect of temperature, pH, acetic and lactic acid concentrations

on the growth/no growth interface of acid-tolerant Bacillus spores. Int. J. Food Microbiol. 2021, 360, 109419.
12. Velugoti, P.R.; Kumar, S.; Bohra, L.K.; Juneja, V.K.; Thippareddi, H. Inhibition of germination and outgrowth of Clostridium

perfringens spores by buffered calcium, potassium and sodium citrates in cured and non-cured injected pork during cooling. LWT
2020, 123, 109074. [CrossRef]

13. Akhtar, S.; Paredes-Sabja, D.; Torres, J.A.; Sarker, M.R. Strategy to inactivate Clostridium perfringens spores in meat products. Food
Microbiol. 2009, 26, 272–277. [CrossRef]

14. Juneja, V.K.; Call, J.E.; Miller, A.J. Evaluation of methylxanthines and related compounds to enhance Clostridium perfringens
sporulation using a modified Duncan and strong medium. J. Rapid Methods Autom. Microbiol. 1993, 2, 203–218. [CrossRef]

15. Mauricio, R.A.; Carol, V.M.; Vijay, K.J.; Dennis, E.B.; Harshavardhan, T. Control of Clostridium perfringens spore germination and
outgrowth by potassium lactate and sodium diacetate in ham containing reduced sodium chloride. LWT-Food Sci. Technol. 2020,
137, 110395.

16. Fan, L.H.; Hou, F.; Muhammad, A.I.; Ruiling, L.V.; Watharkar, R.B.; Guo, M.; Ding, T.; Liu, D. Synergistic inactivation and
mechanism of thermal and ultrasound treatments against Bacillus subtilis spores. Food Res. Int. 2019, 116, 1094–1102. [CrossRef]

17. Liu, F.; Wang, F.T.; Du, L.H.; Zhao, T.; Doyle, M.P.; Wang, D.Y.; Zhang, X.X.; Sun, Z.L.; Xu, W.M. Antibacterial and antibiofilm
activity of phenyllactic acid against Enterobacter cloacae. Food Control 2018, 84, 442–448. [CrossRef]

18. Liu, F.; Du, L.H.; Zhao, T.; Zhao, P.; Michael, P.D. Effects of phenyllactic acid as sanitizing agent for inactivation of Listeria
monocytogenes biofilms. Food Control 2017, 78, 72–78. [CrossRef]

19. Liu, F.; Sun, Z.L.; Wang, F.T.; Liu, Y.W.; Zhu, Y.Z.; Du, L.H.; Wang, D.Y.; Xu, W.M. Inhibition of biofilm formation and
exopolysaccharide synthesis of Enterococcus faecalis by phenyllactic acid. Food Microbiol. 2020, 86, 103344. [CrossRef] [PubMed]

20. Hindle, A.A.; Hall, E.A.H. Dipicolinic acid (DPA) assay revisited and appraised for spore detection. Analyst 1999, 124, 1599–1604.
[CrossRef]

http://doi.org/10.1128/JCM.02859-14
http://www.ncbi.nlm.nih.gov/pubmed/25568432
http://doi.org/10.1016/j.ijfoodmicro.2007.12.006
http://www.ncbi.nlm.nih.gov/pubmed/18221812
http://doi.org/10.1128/JB.01242-07
http://doi.org/10.1016/S0168-1605(02)00139-3
http://www.ncbi.nlm.nih.gov/pubmed/12381399
http://doi.org/10.1016/j.meatsci.2014.09.126
http://doi.org/10.1016/S0168-1605(97)00083-4
http://doi.org/10.1016/j.lwt.2020.109074
http://doi.org/10.1016/j.fm.2008.12.011
http://doi.org/10.1111/j.1745-4581.1993.tb00290.x
http://doi.org/10.1016/j.foodres.2018.09.052
http://doi.org/10.1016/j.foodcont.2017.09.004
http://doi.org/10.1016/j.foodcont.2017.02.050
http://doi.org/10.1016/j.fm.2019.103344
http://www.ncbi.nlm.nih.gov/pubmed/31703877
http://doi.org/10.1039/a906846e


Foods 2022, 11, 3771 12 of 12

21. Lv, R.; Zou, M.; Chen, W.; Zhou, J.; Liu, D. Ultrasound: Enhance the detachment of exosporium and decrease the hydrophobicity
of bacillus cereus spores. LWT-Food Sci. Technol. 2019, 116, 108473. [CrossRef]

22. Noma, S.; Kiyohara, K.; Hirokado, R.; Yamashita, N.; Migita, Y.; Tanaka, M.; Furukawa, S.; Ogihara, H.; Morinaga, Y.; Igura, N.
Increase in hydrophobicity of bacillus subtilis spores by heat, hydrostatic pressure, and pressurized carbon dioxide treatments. J.
Biosci. Bioeng. 2018, 125, 327–332. [CrossRef] [PubMed]

23. Setlow, B.; Atluri, S.; Kitchel, R.; Koziol-Dube, K.; Setlow, P. Role of dipicolinic acid in resistance and stability of spores of Bacillus
subtilis with or without DNA-protective α/β-type small acid-soluble proteins. J. Bacteriol. 2006, 188, 3740–3747. [CrossRef]
[PubMed]

24. Raju, D.; Setlow, P.; Sarker, M.R. Antisense-RNA-mediated decreased synthesis of small, acid-soluble spore proteins leads to
decreased resistance of Clostridium perfringens spores to moist heat and UV radiation. Appl. Environ. Microbiol. 2007, 73, 2048–2053.
[CrossRef]

25. Sarker, M.R.; Shivers, R.P.; Sparks, S.G.; Juneja, V.K.; Mcclane, B.A. Comparative experiments to examine the effects of heating on
vegetative cells and spores of Clostridium perfringens isolates carrying plasmid enterotoxin genes versus chromosomal enterotoxin
genes. Appl. Environ. Microbiol. 2000, 66, 3234–3240. [CrossRef]

26. Wang, G.; Paredes-Sabja, D.; Sarker, M.R.; Green, C.; Setlow, P.; Li, Y.Q. Effects of wet heat treatment on the germination of
individual spores of Clostridium perfringens. J. Appl. Microbiol. 2012, 113, 824–836. [CrossRef]

27. Liang, D.; Wang, X.; Wu, X.M.; Liao, X.J.; Chen, F.; Hu, X.S. The effect of high pressure combined with moderate temperature and
peptidoglycan fragments on spore inactivation. Food Res. Int. 2021, 148, 110615. [CrossRef]

28. Filipa, E.V.M. Use of power ultrasound to enhance the thermal inactivation of Clostridium perfringens spores in beef slurry. Int. J.
Food Microbiol. 2015, 206, 17–23.

29. Chen, L.; Liu, Q.; Zhao, X.; Zhang, H.F.; Pang, X.Y.; Yang, H.S. Inactivation efficacies of lactic acid and mild heat treatments
against Escherichia coli strains in organic broccoli sprouts. Food Control 2022, 133, 108577. [CrossRef]

30. Wang, C.J.; Chang, T.; Yang, H.; Cui, M. Antibacterial mechanism of lactic acid on physiological and morphological properties of
Salmonella enteritidis, Escherichia coli and Listeria monocytogenes. Food Control 2015, 47, 231–236. [CrossRef]

31. Ning, Y.W.; Fu, Y.N.; He, J.Z.; Su, D.; Hou, L.L.; Wang, Z.X.; Jia, Y.M. Synergistic antibacterial mechanism of phenyllactic acid
combined with acetic acid against Listeria monocytogenes. Food Sci. 2020, 41, 70–76.

32. Bevilacqua, A.; Ciuffreda, E.; Sinigaglia, M.; Corbo, M.R. Spore inactivation and DPA release in Alicyclobacillus acidoterrestris
under different stress conditions. Food Microbiol. 2015, 46, 299–306. [CrossRef] [PubMed]

33. Pizarro-Guajardo, M.; Calderón-Romero, P.; Paredes-Sabja, D. Ultrastructure variability of the exosporium layer of clostridium
difficile spores from sporulating cultures and biofilms. Appl. Environ. Microbiol. 2016, 82, 5892–5898. [CrossRef] [PubMed]

34. Chen, W.; Ma, X.; Wang, W.; Lv, R.; Guo, M.; Ding, T.; Ye, X.; Miao, S.; Liu, D. Preparation of modified whey protein isolate with
gum acacia by ultrasound maillard reaction. Food Hydrocoll. 2019, 95, 298–307. [CrossRef]

35. Shuster, B.; Khemmani, M.; Abe, K.; Huang, X.; Nakaya, Y.; Maryn, N.; Buttar, S.; Gonzalez, A.N.; Driks, A.; Sato, T.; et al.
Contributions of crust proteins to spore surface properties in Bacillus subtilis. Mol. Microbiol. 2019, 111, 825–843. [CrossRef]

36. Kutima, P.M.; Foegeding, P.M. Involvement of the spore coat in germination of bacillus cereus t spores. Appl. Environ. Microbiol.
1987, 53, 47–52. [CrossRef]

http://doi.org/10.1016/j.lwt.2019.108473
http://doi.org/10.1016/j.jbiosc.2017.09.012
http://www.ncbi.nlm.nih.gov/pubmed/29107628
http://doi.org/10.1128/JB.00212-06
http://www.ncbi.nlm.nih.gov/pubmed/16707666
http://doi.org/10.1128/AEM.02500-06
http://doi.org/10.1128/AEM.66.8.3234-3240.2000
http://doi.org/10.1111/j.1365-2672.2012.05387.x
http://doi.org/10.1016/j.foodres.2021.110615
http://doi.org/10.1016/j.foodcont.2021.108577
http://doi.org/10.1016/j.foodcont.2014.06.034
http://doi.org/10.1016/j.fm.2014.08.017
http://www.ncbi.nlm.nih.gov/pubmed/25475299
http://doi.org/10.1128/AEM.01463-16
http://www.ncbi.nlm.nih.gov/pubmed/27474709
http://doi.org/10.1016/j.foodhyd.2018.10.030
http://doi.org/10.1111/mmi.14194
http://doi.org/10.1128/aem.53.1.47-52.1987

	Introduction 
	Materials and Methods 
	Bacterial Strains and Spore Preparation 
	LA and Heat Treatment 
	Scanning Electron Microscopy 
	Confocal Laser Scanning Microscopy (CLSM) 
	Determination of the Release Rate of DPA 
	Measurement of Particle Size and Zeta Potential 
	Rate of Hydrophobicity Measurements 
	Statistical Analysis 

	Results and Discussion 
	Inactivation of C. perfringens Spores 
	Scanning Electron Microscopy (SEM) Analysis 
	Confocal Laser Scanning Microscopy (CLSM) Analyses 
	Determination of 2,6-Pyridinedicarboxylic Acid Release Rate (DPA%) 
	Measurement of Particle Size and Zeta-Potential 
	Hydrophobic Analysis 

	Conclusions 
	References

