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A B S T R A C T   

The bacteriostatic effects of high-intensity ultrasonic treatment (HIU) on Bacillus subtilis vegetative cells were 
evaluated, and the related mechanisms were explored using quantitative proteomics. The bacteriostatic effect of 
HIU on B. subtilis was proportional to the ultrasound treatment time and power, and the number of cultivable 
B. subtilis cells was decreased by approximately one log (at 270 W for 15 min) or half log (at 90 W for 25 min or 
360 W for 5 min). Scanning electron microscopy images and gel electrophoresis results showed that HIU caused 
the destruction of the cell structure and intracellular protein leakage. In addition, HIU treatment at 270 W for 15 
min resulted in the greatest decrease (84.22%) in intracellular adenosine triphosphate (ATP) content. The 
quantitative proteomic analysis showed that B. subtilis resisted the stress of HIU treatment by regulating the key 
proteins in physiological activities related to membrane transport (ATP-binding cassette [ABC] transporter), 
signal transduction (the two-component system), and energy metabolism (the tricarboxylic acid [TCA] cycle). 
HIU-induced physical damage, stress, and metabolic disorders were the main causes of the bacteriostatic effects 
on B. subtilis. These findings provide a foundation for the subsequent optimization and potential applications of 
HIU inactivation of B. subtilis.   

1. Introduction 

Spore-producing bacteria are a major obstacle to decontamination 
processes in the food industry as they can form highly resistant budding 
spores in extreme environments, allowing them to survive conventional 
sterilization methods such as thermal pasteurization[1–3]. Moreover, 
under suitable conditions, the surviving spore-producing bacteria can 
quickly resume normal growth and proliferation, thereby posing a great 
risk to food quality and safety[4–6]. In the food industry, treatments 
such as high-temperature heating are often used for effective control of 
spore-producing bacteria[7]. However, heat treatment often has nega-
tive effects on the nutritional and organoleptic qualities of food[8]. In 
addition, to meet the rapid pace of modern lifestyles, the demand for 
ready-to-eat, fresh, and healthy food has continued to increase, bringing 
new challenges associated with the control of spore-producing bacteria 
[9]. The need for safer, efficient, and energy-saving alternative sterili-
zation methods has driven research into new sterilization technologies. 

Ultrasonic sterilization technology uses ultrasound to induce 

vibration cavitation, and then sonoporation, sonochemistry, sonolumi-
nescence, or other methods to kill or inhibit microorganisms on a very 
fast timescale[10]. In recent years, ultrasound has emerged a key 
research topic in food engineering technology because of its effective 
antibacterial properties, and its use has been widely adopted in the food 
processing industry. For example, excellent (68.91%) inhibition of 
Escherichia coli O157:H7 was achieved with ultrasonic treatment of 100 
W for 7 min and a power density of 50 W/cm2, whereas another study 
proposed a mechanism of action in which free radicals generated by 
acoustic cavitation entered E. coli O157:H7 through activated mecha-
nosensitive channels, leading to an increase in intracellular reactive 
oxygen species levels, and, consequently, cell death[8,11]. Different 
ultrasound conditions led to log 1.0–8.7 decreases in Salmonella species 
in different food matrices[12]. However, there have been relatively few 
investigations into the mechanism and effects of ultrasound on spore- 
producing bacteria. Some preliminary studies have been performed, 
including a report that ultrasound treatment at 120–480 W for 30 min 
reduced Alicyclobacillus acidoterrestris spores by approximately 1 log, 
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and that ultrasound treatment at 5000 W and 80% amplitude for 10 min 
inactivated nutrient cells of Anoxybacillus flavithermus and Bacillus 
coagulans in skim milk by 4.26 and 4.53 log, respectively. However, 
further studies are needed to determine the optimal treatment condi-
tions and the corresponding mechanisms of inhibition[13,14]. 

Therefore, the aims of this study were to investigate the inhibitory 
effect of ultrasound on Bacillus subtilis and to examine the inhibitory 
mechanisms using label-free quantitative proteomics. These results will 
allow further exploration of the specific effectiveness and potential use 
of ultrasound against B. subtilis, as well as provide a theoretical basis for 
the use of ultrasound sterilization technology in the food industry and 
methodological guidance for expanding its applications. 

2. Materials and methods 

2.1. Bacillus subtilis 

The strain was obtained by isolation and purification in a laboratory 
environment and was identified as B. subtilis (CP010052.1). As described 
previously[9], the screened individual colonies were incubated in 20 mL 
of nutrient broth medium (NB, Haibo Biotechnology Co., Ltd., Qingdao, 
China) at 37 ◦C for 12 h in a 150 rpm thermostatic culture shaker (Model 
ZWY-1102C, Zhicheng Instrument Manufacturing Co., Ltd., Shanghai, 
China). The cultured suspensions were transferred to nutrient agar 
medium (NA, Haibo Biotechnology Co., Ltd., Qingdao, China) plates, 
incubated for 24 h at 37 ◦C and stored at 4 ℃. A single colony in NA 
medium was picked, transferred to 20 mL NB medium, mixed well, and 
incubated at 37 ℃ for 11 h with shaking at 150 rpm. Then, the culture 
solution was aspirated, 1% culture solution was added to 20 mL fresh 
NB, and the plates were incubated for 11 h under the same conditions 
described above to obtain the initial stable growth of the bacterial so-
lution. To generate a working solution, 2 mL of bacterial solution was 
aspirated, centrifuged at 1685 × g for 5 min, and resuspended in 0.85% 
(w/v) NaCl solution, and 1 mL of a certain dilution of the resuspended 
solution was added to 25 mL of PBS. The concentration of cells in the 
working solution was 2 × 106–4 × 107 CFU/mL. 

2.2. High-intensity ultrasonic (HIU) treatment 

An ultrasonic cell disintegrator (SCIENTZ-IID, maximum power 900 
W, Xinzhi Biotechnology Co., Ltd., Ningbo, China) was used to apply 
different power and treatment time. The probe diameter was 6 mm, the 
operating depth was 10 mm, the treatment temperature was 25 ◦C, and 
the pulse interval was 3 s on/3 s off until completion[15]. Untreated 
B. subtilis was used as a negative control and placed in an ice bath for 4 h 
for further analysis. Before and after each experiment, the ultrasound 
probe was disinfected with 75% ethanol to avoid contamination of the 
samples. After sonication, the 50 mL conical flask was removed and 
immediately sealed to prevent microbial contamination from the air. 
The power density of ultrasound (D, W/mL) was from the equation D =
P/V, where P is the input power and V is the volume of the medium[16]. 

2.3. Counting of cultivable B. subtilis cells 

Cultivable B. subtilis cells were counted using a standard plate 
counting method[9]. Untreated and HIU-treated samples (90 W, 180 W, 
270 W, 360 W; 5 min, 15 min, 25 min) were serially (1:10) diluted with 
0.85% (w/v) NaCl solution and grown on plate count agar (PCA). 
Duplicate samples were analyzed. The petri dishes were incubated at 
37 ◦C for 24 h, and then colony counting was performed. The log(N) of 
the residual count was calculated to determine the inactivation effect, 
where N (CFU/mL) is the number of residual counts after treatment. 

2.4. Scanning electron microscopy observation of B. subtilis 

After HIU treatment (90 W, 25 min; 270 W, 15 min; 360 W, 5 min), 

the B. subtilis suspensions were centrifuged at 6790 × g for 10 min at 4 
℃; subsequently, the bacterial precipitate was collected and washed 
three times with PBS buffer. Then, 1 mL of 2.5% glutaraldehyde solution 
was added to fix the bacterial precipitate for 12 h at 4 ℃, followed by 
dehydration in a graded ethanol series (30%, 50%, 70%, 80%, and 90% 
ethanol; 20 min for each gradient), and finally dehydrated twice with 
100% ethanol. The dehydrated bacterial precipitate was suspended in 
ethanol, and 10 μL was aspirated onto slides and air-dried. The slide was 
cut, fixed on the metal carrier plate, and spray gold treatment was 
performed. After preparation, the surface changes in B. subtilis were 
observed using a scanning electron microscope (SEM; Thermo Scientific 
Apreo 2C, Thermo Fisher Scientific Co., China). Each sample was imaged 
three times, with typical images presented in the results. 

2.5. Determination of intracellular protein leakage of B. subtilis 

The intracellular protein exudation of B. subtilis after HIU treatment 
(90 W, 25 min; 270 W, 15 min; 360 W, 5 min) was evaluated. The 
bacterial suspension supernatant after HIU treatment was concentrated 
100-fold using an ultrafiltration tube (3000 Da molecular weight cut-off, 
Merck KGaA, Darmstadt, Germany), and the protein concentrate of the 
retentate was determined using a Bradford Protein Assay Kit (Biyuntian 
Biotechnologies Co., Ltd., Shanghai, China) [17]. The assay was 
repeated five times for each sample. The concentrated retentates were 
also analyzed by SDS-PAGE in accordance with our previously reported 
procedure[18]. The SDS-PAGE analysis was repeated three times, and 
representative images were presented. 

2.6. Determination of ATP content 

The intracellular ATP content of B. subtilis after HIU treatment (90 W, 
25 min; 270 W, 15 min; 360 W, 5 min) was measured using an enhanced 
ATP assay kit (Biyuntian Biotechnology Co., Ltd., Shanghai, China). The 
quantitative determination of ATP is a fluorescence-based method in 
which the assay enzymes catalyze the oxidation of firefly luciferin, 
which requires ATP. Chemiluminescence values were measured using a 
multifunctional enzyme marker (Synergy HTX, BioTek Instruments, 
Inc., Winooski, VT, USA). The assay was repeated three times for each 
sample. 

2.7. Label-free quantitative proteomic analysis 

2.7.1. Protein extraction and digestion 
B. subtilis (untreated or HIU-treated) was lysed with lysis solution 

(1.5% SDS, 100 mM Tris-HCl, pH 8.1) and total protein was recovered 
by acetone precipitation. A complex solution (8 M Urea, 100 mM Tris- 
HCl) was added to the total protein precipitate and incubated with 
dithiothreitol for 1 h at 37 ◦C; subsequently, iodoacetamide (IAA, 40 
mM) was added to alkylate the sulfhydryl group, and 100 mM Tris-HCl 
solution was added to the reduced, alkylated sample to dilute the urea 
concentration to below 2 M. The protein concentration was determined 
using the Bradford assay, and equal amounts of protein were used in the 
subsequent digestion and analysis[19]. Trypsin was added at an enzyme: 
protein mass ratio of 1:50 and incubated overnight at 37 ◦C for diges-
tion. The next day, trifluoroacetate was added to terminate the diges-
tion, and, finally, the supernatant was desalted using a Sep-Pak C18 
column. 

2.7.2. LC–MS/Ms 
Mass spectrometric data were acquired using an Orbitrap Exploris 

480 mass spectrometer in tandem with an EASY-n LC 1200 liquid phase 
LC–MS/MS system. The peptide samples were separated by an analytical 
column (75 μm × 25 cm, C18, 1.9 μm, 100 Å). Two mobile phases 
(mobile phase A: 0.1% formic acid and mobile phase B: 0.1% formic 
acid, 80% ACN) were used to establish the analytical gradient: 0.0–68.0 
min, 6%–25% mobile phase B; 68.0–84.5 min, 25%–45% B; 84.5–85.0 
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min, 45%–80% B; 85.0–92.0 min, 80% B. A flow rate of 300 nL/min was 
used[20]. The separated peptides were ionized by a nano-electrospray 
ion source (2.3 kV). The mass spectra were acquired in data- depen-
dent acquisition mode, with each scan cycle containing one full MS scan 
(resolution, 60 K; automatic gain control, 300%; maximum injection 
time, 20 ms; scan range, 350–1500 m/z), and 20 subsequent MS/MS 
scans (resolution, 15 K; automatic gain control, 100%; maximum in-
jection time, auto; cycle time, 2 s). The higher-energy C-trap dissociation 
collision energy was set to 30%. The screening window of the quadruple 
bar was set to 1.6 Da. The dynamic exclusion time for ion duplicate 
acquisition was set to 35 s[21]. The experiment was repeated three times 
for each treatment. 

2.7.3. Data processing 
The mass spectrometry data were searched using MaxQuant (V1.6.6) 

software; the database search algorithm used was Andromeda. The 
database used for the search was UniProtKB (B. subtilis (strain 168) 
[224308], date: 20210309). The main search parameters were: oxida-
tion (M), acetyl (protein N-terminal), deamidation (NQ) for variable 
modifications; carbamidomethyl (C) for immobilization modifications; 
trypsin/P for enzymatic digestion; primary mass spectrometry matching 
tolerance of 20 ppm in the initial search and 4.5 ppm in the primary 
search; secondary mass spectrometry matching tolerance of 20 ppm. The 
search results were filtered by 1% false discovery rate at the protein and 
peptide level[22]. 

To study the function of the proteins, the functional database 
annotation of the identified proteins was performed using BLAST com-
parison (blastp, e-value ≤ 1e-5) for the Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) database annotation, and 
MultiLoc2 (https://abi-services.informatik.uni-tuebingen.de/multi 
loc2/webloc.cgi) for subcellular localization prediction[23–25]. 

Based on the quantification results, PCA analysis was performed to 
assess the biological replicates within groups and sample differences 
between groups. The ratio of the mean value of each protein across all 
biological replicates was quantified as the fold difference (fold change 
[FC]), and an FC of ≥ 1.5 was selected, and a t-test was performed to 
select P-values of < 0.05, which indicated significant differences be-
tween groups. 

2.8. Statistical analysis 

The study data were expressed as the mean and standard deviation 
(mean ± standard deviation). The statistical analysis was performed by 
one-way analysis of variance using GraphPad Prism 8.0 software, and 
differences were considered significant at p < 0.05. 

3. Results 

3.1. Inhibitory effect of HIU treatment on B. subtilis 

The number of cultivable B. subtilis cells after HIU treatment was 
calculated using a standard plate counting method. After treatment, the 
number of cultivable B. subtilis cells was decreased, and continued to 
decrease as the treatment time increased, and the slope (absolute value) 
of the curve of the number of colonies increased as the ultrasonic power 
increased (Fig. 1). The number of cultivable B. subtilis cells was 
decreased by approximately 1.54 logarithms after treatment at 360 W 
for 25 min, indicating efficient inhibition. 

To evaluate the inhibitory effect and the associated mechanism of 
ultrasound treatment on B. subtilis, the HIU treatments of 270 W for 15 
min (US-270, D = 10.38 W/mL, 1.01 log decrease), 90 W for 25 min (US- 
90, D = 3.46 W/mL, 0.49 log decrease), and 360 W for 5 min (US-360, D 
= 13.85 W/mL, 0.47 log decrease) were selected, and their effects were 
compared and analyzed. 

3.2. Changes in B. subtilis surface structure after HIU treatment 

The structural damage to the surface of B. subtilis vegetative cells 
after HIU treatment was observed by SEM. Most of the B. subtilis vege-
tative cells in the untreated group (CK) were rod-shaped with intact, flat, 
and smooth surface morphology. Compared with the CK group, ultra-
sound treatment caused cell surface wrinkling, fissures, and pore for-
mation (Fig. 2 A–D). Wrinkling was observed after the US-90, US-270, 
and US-360 treatments, but it was most obvious after the US-90 treat-
ment; in contrast, cracks and pore formation appeared mainly after the 
US-270 and US-360 treatments and were not observed after the US-90 
treatment. In addition, greater adhesion between cells was observed in 
HIU-treated B. subtilis, which indirectly reflected the changes and 
destruction of the cell structure. 

3.3. Intracellular protein exudation of B. subtilis after HIU treatment 

Wrinkles and cracks on the surface of B. subtilis vegetative cells may 
cause the leakage of intracellular material. Therefore, the protein con-
tent in the supernatant of the bacterial suspension was determined. In 
the untreated B. subtilis suspension supernatant concentrate (100 × ), 
the protein concentration was extremely low (0.34 μg/mL). These trace 
proteins are likely to be exocrine proteins produced by the normal 
physiological activities of B. subtilis. Compared with the untreated 
group, the protein concentrations in the B. subtilis suspension superna-
tant were over ten times more concentrated after US-90 and US-360 
treatment, at 3.28 μg/mL and 2.98 μg/mL, respectively. After US-270 
treatment, the protein concentration was further increased to 5.40 μg/ 
mL (Fig. 2E). The amount of intracellular protein leakage caused by 
ultrasound treatment was positively correlated with the decrease in the 
number of cultivable B. subtilis cells: US-270 treatment resulted in a 1.01 
log decrease and the greatest protein leakage (5.40 μg/mL); the US-90 
and US-360 treatments resulted in a similar decrease (0.49 log) and a 
similar degree of protein leakage. This indicated that the destruction of 
the cell wall/membrane and the intracellular protein leakage caused by 
ultrasound are the major reasons why B. subtilis could not be cultured. 
The SDS-PAGE profile, which provides a more intuitive indication of the 
different degrees of intracellular protein leakage, was consistent with 
the protein concentration results (Fig. 2F). 

3.4. Changes in intracellular ATP content of B. subtilis after HIU 
treatment 

The destruction of the cell wall/membrane structure and the 
disturbance of the cytoplasm by HIU treatment result in severe distur-
bance of the intracellular physiological activities of B. subtilis. The 
content of intracellular ATP is an important indicator that can reflect the 

Fig. 1. Changes in the number of cultivable B. subtilis colonies after application 
of different ultrasonic treatments (different power and time). 
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physiological activity of bacteria[8]. In this study, compared with the 
untreated group (CK, 1.46 μM), the intracellular ATP content was 
decreased significantly after HIU treatment (Fig. 2G). The US-270 
treatment resulted in the greatest decrease (of 84.22%); after the US- 
90 and US-360 treatments, the intracellular ATP content decreased to 
0.54 and 0.56 μM, respectively. 

3.5. Quantitative proteomic analysis of B. subtilis after HIU treatment 

3.5.1. Comparison of protein profiles 
In total, 2087 proteins were identified from B. subtilis in this study. 

The overall comparison of the proteomes was performed by principal 
component analysis, and the results identified differences between the 
CK, US-90, US-270, and US-360 groups (Fig. 3A). The principal 
component 1 (PC1) and principal component 2 (PC2) values of the four 
groups were 36.37% and 17.01%, respectively. The distribution of the 
four groups on the PCA plots showed separation, especially in the PC1 
dimension. Therefore, the distribution of samples on the PC1 dimension 
was replotted (Fig. 3B). The US-90 group was more connected to the US- 
360 group than the CK group and the US-270 group (PC1 score: US-270 
> US-90 ≈ US-360 > CK). These results suggested that the changes in the 

B. subtilis protein profiles caused by HIU were correlated with the degree 
of lethality. 

Pairwise comparisons between groups were performed, and 209 
differentially expressed proteins (DEPs) were identified after screening 
(FC > 1.5 or FC < 0.67, and p < 0.05; Table S1). As shown in Fig. 3C, the 
largest number of DEPs was found for the comparison between the US- 
270 and CK groups (181 DEPs), with only five DEPs found between the 
US-90 and US-360 groups. These results were consistent with the PCA 
analysis. In the pairwise comparison between the three ultrasound 
treatment groups and the CK group, 14 DEPs overlapped (Fig. 4D). These 
14 DEPs were the common response proteins of B. subtilis to different 
ultrasonic treatments; these proteins are important for understanding 
the inhibitory mechanism of HIU treatment on B. subtilis, and may be 
potential indicators of sonicated B. subtilis. 

3.5.2. Subcellular distribution of DEPs 
After transcription and translation, proteins are synthesized by the 

ribosome and transported to specific subcellular regions and localiza-
tion, where they perform their specified function. Therefore, the anno-
tation of the subcellular localization of DEPs can provide important 
information on their function. Among the 2087 identified B. subtilis 

Fig. 2. Changes in B. subtilis after high-intensity ultrasound (HIU) treatment. A–D, SEM images of untreated B. subtilis (CK; A, a), treated with 90 W for 25 min (US- 
90; B, b), treated with 270 W for 15 min (US-270; C, c), and treated with 360 W for 5 min (US-360; D, d); E, the protein content in the supernatant of the B. subtilis 
suspension after HIU treatment; F, the SDS-PAGE of the supernatant of the B. subtilis suspension after HIU treatment; G, the intracellular ATP content of B. subtilis 
after HIU treatment. 
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proteins, 1824 were annotated. The location was annotated as “cyto-
plasmic membrane” for 23.68% of these proteins and “cytoplasmic” for 
74.00%. In comparison, the DEPs of B. subtilis induced by HIU treatment 
were mostly localized on the “cytoplasmic membrane”, accounting for 
49.29%–72.73% of the total DEPs (Fig. 4A). It is worth noting that only 
20 of the identified B. subtilis proteins were annotated to be located on 
the “cell wall”, but many of them were differentially expressed after HIU 
treatment. These results suggested that the “cytoplasmic membrane” 
and “cell wall” of B. subtilis were the parts that were most changed after 
HIU treatment. This was consistent with the results observed by SEM. In 
addition, the second-most common annotation for the DEPs after HIU 
treatment was “cytoplasmic”. 

3.5.3. GO annotation and analysis of DEPs 
GO analysis was performed to classify the functions of 209 DEPs of 

B. subtilis induced by HIU treatment. As shown in Fig. 4B, in the “bio-
logical process” category, the DEPs after HIU treatment were mainly 
classified into nine terms, among which “cellular process”, “metabolic 
process”, “localization”, “biological regulation”, and “locomotion” were 
dominant. The terms “localization” and “locomotion” were of particular 
interest because the number of upregulated DEPs was far higher than 
that of the downregulated DEPs. For the “molecular function” category, 
DEPs were mainly classified into 10 terms, which were dominated by 
“catalytic activity”, “binding”, and “transporter activity”. 

3.5.4. KEGG enrichment analysis of DEPs 
To identify the potential regulatory pathways for the DEPs of 

Fig. 3. Quantitative proteomic analysis of B. subtilis after high-intensity ultrasound (HIU) treatment. A, The principal component analysis of the protein profiles of 
B. subtilis after different HIU treatments; B, Distribution of principal component 1; C, The number of DEPs in the pairwise comparison between groups; D, Venn 
diagram of differentially expressed proteins (DEPs) after HIU treatment. CK, untreated group; US-90, 90 W for 25 min; US-270, 270 W for 15 min; US-360, 360 W for 
5 min. 
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B. subtilis induced by HIU treatment, KEGG enrichment analysis was 
performed. Compared with the CK group, the DEPs in B. subtilis in the 
US-90 group were annotated to 23 KEGG pathways, of which “bacterial 
chemotaxis” (5 DEPs, p.adjust < 0.01) and “two-component system” (7 
DEPs, p.adjust < 0.01) were significantly enriched (Table S2). In the 
comparison between the US-270 and CK groups, 181 DEPs were anno-
tated to 50 KEGG pathways, of which two pathways were significantly 
enriched: “bacterial chemotaxis” (7 DEPs, p.adjust < 0.05) and “oxida-
tive phosphorylation” (8 DEPs, p.adjust < 0.05). In total, three KEGG 
pathways were enriched with 28 DEPs in the comparison between the 
US-360 and CK groups: “bacterial chemotaxis” (4 DEPs, p.adjust <
0.01), “flagellar assembly” (3 DEPs, p.adjust < 0.05), and “cationic 

antimicrobial peptide (CAMP) resistance” (2 DEPs, p.adjust < 0.05). 
Notably, “bacterial chemotaxis” was the KEGG pathway that was 
commonly enriched, and all the DEPs involved in this pathway were 
upregulated in B. subtilis after HIU treatment. 

4. Discussion 

4.1. Bacteriostatic effects of HIU treatment on B. subtilis vegetative cells 

In this study, HIU treatment caused notable inhibition of B. subtilis 
vegetative cells, and the degree of inhibition was positively correlated 
with the power and time of ultrasonic treatment. These results were 

Fig. 4. Subcellular distribution (A) and GO analysis (B) of differentially expressed proteins (DEPs) after high-intensity ultrasound (HIU) treatment. CK, untreated 
group; US-90, 90 W for 25 min; US-270, 270 W for 15 min; US-360, 360 W for 5 min. 
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similar to those of previous studies. Researchers found that 
A. flavithermus decreased by 4.26 log after sonication for 10 min in 
optimal conditions and that B. coagulans decreased by 4.53 log; the log 
reduction of both Bacillus species increased significantly with longer 
sonication times[14]. In contrast, Yu et al. found that ultrasound at 60 W 
and 10 min treatment killed only<0.1 log of Staphylococcus aureus; this 
may have been due to the protective effect of the biofilm on bacteria, 
which mitigates the direct lethal effect of ultrasound[26]. Therefore, the 
bacteriostatic effect of ultrasound on bacterial cells will vary with the 
bacterial species, the status of the bacteria, and the ultrasound intensity 
and application time. Generally, a “marginal utility” of the ultrasonic 
intensity and ultrasonic time on the bacterial inhibitory effect was 
observed: that is, the inhibition efficacy was reduced at a high power 
and over a long application time. 

As the above mentioned study found, ultrasound usually only results 
in bacterial inhibition and partial sterilization; this cannot effectively 
ensure the safety of food and has limited the application of ultrasound in 
food processing. However, several recent studies have found that ul-
trasound, in combination with other bacteriostatic agents, could 
enhance the disinfection of Staphylococcus aureus, Salmonella typhimu-
rium, and other bacteria[9,27]. Therefore, further study to confirm the 
inhibitory effect of HIU combined with antibacterial agents on B. subtilis 
is of value. Moreover, in some studies, it has been found that ultrasound 
could improve the functional properties of food. For example, the 
foaming properties of egg white proteins were enhanced after ultra-
sound treatment[28]. Therefore, the application of ultrasound in certain 
foods would confer multiple benefits. 

The transient cavitation effect induced by HIU and the accompa-
nying shock waves and liquid jets causes the perforation and rupture of 
the bacterial cell wall/membrane; this is generally considered to be the 
main mechanism of ultrasound-induced bacterial damage[29]. A pre-
vious study reported that ultrasound treatment had strong mechanical 
destructive effects on both nutrient cells and spores of some Bacillus 
species[14]. Similar effects were also found in this study (Fig. 2B–D). 

HIU treatment may expose teichoic acid in the cell wall and enhance 
the adhesion between B. subtilis cells, as was observed in the SEM im-
ages. In addition to the damage to the cell structure of B. subtilis caused 
by HIU treatment, leakage and dissolution also occurred. In this study, 
the amount of protein leakage caused by HIU treatment was positively 
correlated with the decrease in the number cultivable B. subtilis cells. 
Although the amount of protein leakage was significantly different be-
tween the HIU treatment groups, the SDS-PAGE profile showed that the 
types of leaked protein may be similar. The composition of protein 
leakage induced by ultrasonic treatment is worthy of attention and 
further study, as it will help to elucidate the bacteriostatic mechanism of 
ultrasound. 

HIU treatment not only causes mechanical damage to B. subtilis, but 
may also disrupt its cytoplasm owing to its strong penetration, even 
leading to the disintegration of some enzyme complexes. In this study, it 
was found that ultrasonic treatment caused variable decreases in the 
intracellular ATP content of B. subtilis, and the decrease in ATP was 
closely related to the decrease in the number of cultivable cells. Similar 
findings have been reported in previous studies. In the study of Li et al., 
both low- and high- intensity sonication for 25 min resulted in a sig-
nificant decrease in ATP levels in E. coli cells[10]. Another report also 
found that the ATP content in E. coli O157:H7 cells was reduced by 
approximately 2.18-fold after sonication (100 W, 4 min) compared with 
the untreated group[8]. The ATP content is an overall response to the 
level of intracellular physiological activity. Therefore, the large change 
in ATP content after ultrasonic treatment is an indication of significant 
disturbance in the intracellular physiological activity of B. subtilis. To 
explore the regulatory mechanisms of B. subtilis in response to HIU 
treatment, quantitative proteomic analysis was performed. 

4.2. Regulatory mechanisms of B. subtilis in response to HIU treatment 

The bacteriostatic mechanism of ultrasound on B. subtilis cells is 
mediated through two mechanisms: the damage caused by HIU treat-
ment to B. subtilis and the response of B. subtilis to ultrasound stress. 
However, bacteria have evolved many complex regulatory networks to 
counteract stress and repair damage caused by adverse natural stress 
conditions (such as cold, heat, pH, oxidation, osmotic pressure, UV ra-
diation, and pulsed electric fields)[30]. Therefore, quantitative proteo-
mic analysis was conducted to explore the relevant regulatory pathways 
of B. subtilis in response to ultrasound stress. 

The cell wall and membrane are the interface between B. subtilis and 
the external environment for signal and substance exchange. On the 
plasma membrane, the ATP-binding cassette transporter (ABC) is the 
key to ensuring the orderly influx and efflux of substances[31,32]. In the 
present study, after the US-90, US-270 and US-360 treatments, many 
proteins related to the ABC transporter were upregulated. These proteins 
were mainly involved in the manganese transport system (MntA, MntB, 
MntC), the zinc transport system (ZnuA, ZnuC), the oligopeptide trans-
port system (OppA, OppC), the methionine transport system (MetP, 
MetQ, MetN), L-cystine transport system (TcyA, TcyB, TcyC), the glycine 
betaine/carnitine/choline transport system (OpuAA, OpuAB, OpuAC, 
OpuCA, OpuCC), the melibiose/tartarose/starch transport system 
(MelC, MelD, MelE), the maltose transport system (MdxE, MdxF), and 
oligosaccharide and galacto-oligosaccharide transporter systems 
(Fig. 5A). This upregulation of ABC transporter-related proteins could 
promote the uptake of nutrients and other molecules and enhance the 
membrane transport function of B. subtilis, which would, in turn, 
enhance its survival under ultrasound stress. Similar results were re-
ported in a previous study, which found that the expression of the 
phosphate transporter ATP-binding protein was upregulated in B. cereus 
spores after ultrasound treatment, indicating an enhanced phosphate 
transport capacity[33]. In addition, the upregulation of these ABC 
transporter-related proteins was positively correlated with the lethal 
effect caused by ultrasound. 

In addition to the transport of substances, the response of B. subtilis to 
ultrasound stress is also reflected in the regulation of signal trans-
duction. The two-component system is the most important signal 
transduction system that bacteria use to perceive and adapt to the 
environment. The structure of this system is highly conserved among 
different bacteria, and histidine kinases are the core proteins of this 
system. In the present study, it was found that histidine kinases of 
B. subtilis were upregulated after ultrasound treatment, including DegS, 
WalK, CssS, GlnK, ResE, MalK, and YclK (Fig. 5B). One of these proteins, 
DegS (upregulated 1.16–1.28-fold after ultrasound treatment), plays an 
important role in the production of degradative enzymes, flagellar for-
mation, and biofilm formation. By acting as both a protein kinase and a 
protein phosphatase, DegS not only performs autophosphorylation and 
the subsequent transfer of phosphate to DegU, but also de-
phosphorylates DegU[34]. The sensor histidine kinase WalK, which is 
involved in the regulation of the ftsAZ, tagAB, and tagDEF operons[35], 
was significantly upregulated (p < 0.05) in B. subtilis treated with US-90 
and US-360. In addition, other sensor transduction proteins (BceR, 
YvaQ, and YfmS) were upregulated, which would accelerate the adap-
tation to extracellular changes through the regulation of methylation 
levels. In summary, in response to ultrasound stress, some key proteins 
of the two-component regulatory system of B. subtilis were upregulated. 
This upregulation would enhance cell sensitivity to changes in the 
external environment and allow more rapid transmission of signals to 
regulatory protein components located in the cytoplasm, facilitating 
resistance to ultrasound stress. 

The survival of any organism is dependent on the effective provision 
of energy, especially after ultrasound treatment; all types of stress re-
sponses require a large amount of energy to maintain, and the most 
important link in the provision of energy in bacterial cells is the tricar-
boxylic acid (TCA) cycle. In the present study, all HIU treatments caused 
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downregulation of the expression of key proteases related to the TCA 
cycle, such as citrate synthase, which controls the entrance to the TCA 
cycle and plays a key role in all subsequent reactions. Compared with 
US-90 treatment, US-270 and US-360 treatments caused more down-
regulation of TCA cycle-related proteins, such as isocitrate dehydroge-
nase. It could also be inferred that HIU causes downregulation of key 
TCA cycle-related proteins that was closely related to ultrasound power 

(Fig. 5C). 
With close links to the TCA cycle, the oxidative phosphorylation 

pathway is the main source of ATP generation in organisms. Most of the 
oxidative phosphorylation related-proteins were upregulated, to 
different degrees, after HIU treatment. The upregulation of cytochrome c 
oxidase may lead to an increase in transmembrane proton pumping 
capacity and electron consumption rate, whereas the upregulation of 

Fig. 5. Regulatory mechanisms of B. subtilis in response to high-intensity ultrasound (HIU) treatment. A, Changes in the expression of proteins associated with the 
ABC transporter after HIU treatment; B, Changes in the expression of proteins associated with the two-component system after HIU treatment; C, Changes in the 
expression of proteins associated with energy metabolism after HIU treatment. CK, untreated group; US-90, 90 W for 25 min; US-270, 270 W for 15 min; US-360, 360 
W for 5 min. I, US-270/CK; II, US-90/CK;III, US-360/CK. Inside the circle, * indicates p < 0.05,** indicates p < 0.01. 
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ATP synthase suggested that HIU treatment may induce greater ATP 
production. Therefore, B. subtilis cells may try to respond to the reduc-
tion in proton gradient accumulation through the upregulation of ATP 
synthase, but this does not alleviate the overall decreasing trend in 
intracellular ATP content owing to the downregulation of the upstream 
TCA cycle. This was also consistent with the ATP content assay, which 
showed a decrease in intracellular ATP content after HIU treatment. 

Similar regulatory responses were reported in previous studies of 
E. coli treated with sonication[8,33]. However, the decrease in ATP 
content was sharp, which appeared to be mismatched with the regula-
tion of protein expression related to energy metabolism. This was 
probably due to the breakdown of the enzyme complex and the distur-
bance of cell homeostasis induced by ultrasound. As a prokaryote 
without organelles, orderly physiological processes are realized through 
the mesosome, local accumulation of substances, and the condensate of 
proteins in the bacterial cytoplasm[36]. Obviously, HIU could affect the 
physiological process of B. subtilis by disturbing its intracellular ho-
meostasis, especially the multi-step physiological processes of the TCA 
cycle and oxidative phosphorylation. 

In addition to the main effects of HIU treatment on substance 
transport, signal transduction, and energy metabolism in B. subtilis, 
several other physiological activities were affected. For example, by 
upregulating the methyl-accepting chemotactic proteins TlpB, TlpC, 
McpA, McpB, McpC, flagellin FliL, motor protein A, and swarm motility 
proteins SwrC and SwrD, the cells can move towards an environment 
more conducive to their survival and thus take up relevant nutrients and 
essential components. In addition, it was found that key 
phosphorylation-related proteins that regulate the initiation of spore 
development, spore-initiating phosphotransferases B and F, were 
downregulated by ultrasound treatment. Sporogenic acid kinase C, 
which is involved in the phosphorylation of spore-regulating protein 
spo0A, was significantly upregulated, indicating that ultrasound treat-
ment had an effect on spore formation in B. subtilis. Moreover, pepti-
doglycan hydrolysis-related enzymes responsible for local hydrolysis of 
the cell wall, such as peptidoglycan endopeptidase LytE, endonuclease 
YhcR, D-glutamyl-m-diaminopyrimidine endopeptidase CwlS, and 
amidase enhancer, were upregulated by ultrasound treatment. This may, 
to some extent, indicate that cell division is accelerated by sonication as 
a response to the unfavorable external environment; however, this in-
creases the risk of apoptosis. 

In this study, the bactericidal effect of HIU on B. subtilis was studied 
at the laboratory scale; its industrial application would be difficult as the 
HIU power density used was relatively high (3.46–13.85 W/mL). 
However, there are two potential routes for industrial-scale HIU steril-
ization. One method is the reduction of the HIU power density by 
combination with natural antibacterial or other non-thermal processing 
technologies. For example, Bi et al. applied HIU treatment and lysozyme 
to liquid whole egg, and found that it not only significantly inactivated 
Salmonella typhimurium but also improved the color and heat resistance 
of liquid whole egg[9]. In addition, HIU is used in the processing of some 
high-value foods, such as micro/nano emulsions for the delivery of food 
functional ingredients, ultrasound-assisted enzymatic hydrolysis prep-
aration of functional peptides, and ultrasound-assisted modification of 
food macromolecules[37,38]. These functional foods are usually heat- 
sensitive, and the processing capacity is usually small. Therefore, the 
inactivation of potentially contaminating microorganisms could be 
accompanied by ultrasonic processing without additional cost. This 
study provides part of the foundation for the future exploration, 
improvement, and application of ultrasonic sterilization. 

5. Conclusion 

The results of this study showed that HIU had a notable inhibitory 
effect on the number of cultivable B. subtilis cells. The SEM images, SDS- 
PAGE profiles, and intracellular ATP content analysis suggested that 
HIU treatment disrupted the normal activities of B. subtilis mainly by 

damaging the cell surface structure, leading to the leakage of intracel-
lular proteins, and blocking energy metabolism and ATP production. 
The damage caused by HIU treatment varied with the intensity and time 
applied, but was positively correlated with the degree of lethality caused 
by HIU. Moreover, many proteins in B. subtilis were differentially 
expressed in response to HIU stress. B. subtilis attempted to survive by 
enhancing substance intake (upregulating the ABC transporter), envi-
ronmental perception (upregulation of the two-component system), and 
ATP production (upregulation of oxidative phosphorylation), but the 
structural damage and blocked TCA cycle caused these restorative ac-
tions to be unsuccessful. These findings are helpful for an understanding 
of the bacteriostatic mechanism of HIU on B. subtilis. In further studies, 
combining HIU with natural antibacterial agents or other non-thermal 
sterilization technologies for the inactivation of B. subtilis is expected 
to achieve better results. A suitable application is in high-value, heat- 
sensitive, HIU-processed foods, such as micro/nano emulsions that are 
used for the delivery of food functional ingredients. 
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