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A B S T R A C T   

Low-lethality ultrasound technology has received more and more attention in regulating microorganisms of 
fermentation industry. Herein, two representative Ames tester strains TA97a and TA98 as model organisms were 
used to explore the effects of ultrasound on insertion-deletion (InDel) polymorphisms of microbial DNA and its 
underlying mechanisms. Results revealed that a promotion was observed in the reversion mutation of TA98 upon 
sonication. Sequencing results from 1752 TA98 revertants showed that there was a total of 127 InDels, of which 
the InDels unique to ultrasound were 36 more than that of the control. Compared with the control, ultrasound- 
mediated InDels of DNA displayed additional − 29 bp deletion and +7 ~ +43 bp insertions of direct repeat 
sequences. Combined with the analysis of transcriptomics and prediction of secondary structure of single- 
stranded DNA from InDels core region (No. 832 ~ 915 bp) in hisD3052 gene of TA98 strain, ultrasound- 
mediated “thermal breathing” mechanism was proposed based on the formation of DNA hairpin structure 
with micro-homologous sequence. This finding implied that low-intensity ultrasound is expected to be developed 
a new low-lethal mutagenic technology for continuous mutagenesis.   

1. Introduction 

In recent years, environmentally-friendly low-intensity ultrasound is 
widely used in microbial industry due to its low lethality and great 
progress in the regulatory effect on microbial cells, such as microbial 
breeding or yield improvement [1–5]. These phenotypic feedbacks may 
be ascribed to the ultrasonic regulation effects on genes involved in 
diverse cellular functions [3]. Gene variation of DNA molecule mainly 
included single nucleotide variants (SNVs), large structural variants and 
small insertion-deletion (InDel), which is a common and functionally 
important type of sequence polymorphism and has been implicated in a 
number of diseases [6,7]. The InDel is a type of genetic variation in 
which a specific nucleotide sequence is present (insertion) or absent 
(deletion). Luo et al. reported that the high pressure produced by the 
electric field in the center of cavitation nucleus was enough to cause 
InDels in some genes of DNA molecule [8]. However, limited informa
tion on the research of InDel polymorphisms of DNA induced by ultra
sound at the molecular level is available. 

The Ames assay (Salmonella test), a widely accepted short-term 
bacterial assay, is often performed in vitro to evaluate potential DNA 

mutagenic effects caused by chemical compounds or physical factors 
[9–11]. The Salmonella strains in the Ames test were the preexisting 
mutations (such as TA97, TA98, TA100, TA102, TA104 and TA1535) 
with defective genes that prevent them from synthesizing the required 
amino acid called histidine, resulting in its incapable of growing and 
forming colonies in histidine absence. The reversion of defective genes 
mainly consisted of base substitution and frameshift mutation, which 
referred to the InDels in the site of defective genes. At present, the 
observed phenotypic reversion mutation of the frameshift representative 
Ames tester strain is usually supposed to be the classical InDels of wild- 
typed his gene. On some occasions, InDels of many non-core DNA se
quences in protein structure will not significantly affect protein function 
[12,13]. Actually, the phenotypic reversion mutation caused by InDels 
in his gene of Ames tester strain includes three levels of reversion mu
tation in DNA sequence, protein sequence and protein function, 
respectively. In other words, gene changes not only refer in particular to 
the classical reversion to the wild-typed gene sequence (classical InDel) 
of DNA molecule, but also refer to some nonclassical InDels causing the 
restoration of protein function, thus leading to the phenotypic reversion 
mutation [14]. Therefore, systematic analysis of ultrasound-mediated 
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InDels polymorphisms of DNA that can restore protein function using 
Ames tester strains will be conducive to broadening the application 
scope of ultrasound mutagenesis technology. 

It is a classic research strategy to apply the model organisms with 
clear genetic background to reveal some universal life phenomena and 
mechanisms. In this study, two frameshift representative Ames tester 
strains of TA97a and TA98 (defective hisD genes that prevent them from 
synthesizing histidine) were selected as model microorganisms and ef
fects of low-intensity ultrasound on their cell growth (total colonies) and 
reversion mutation were investigated. In addition, sequencing of re
vertants from strains with remarkable response to ultrasound were 
analyzed to explore ultrasound-mediated InDel polymorphisms of DNA. 
Combined with the analysis of transcriptomics and prediction of sec
ondary structure of single-stranded DNA from InDels core region (No. 
832 ~ 915 bp) in hisD3052 gene of TA98 strain, ultrasound-mediated 
“thermal breathing” mechanism was proposed based on the formation 
of DNA hairpin structure with micro-homologous sequence. It is 
believed that this study will provide a theoretical foundation for the 
further development of low-lethality ultrasound mutagenesis technol
ogy in regulating microorganisms. 

2. Materials and methods 

2.1. Microorganism, maintenance and preparation 

Salmonella typhimurium TA97a (hisD6610, hisO1242, uvrB-bio, rfa, 
pKM101), and TA98 (hisD3052, uvrB-bio, rfa, pKM101) were purchased 
from Moltox (Molecular Toxicology Inc., North Carolina, USA) as 
lyophilized and stablilized cell cultures, which were histidine dependent 
by virtue of a mutation in the histidine operon. The strains were revived 
and then stored at − 80 ◦C according to the directions supplied by the 
Ames laboratory. 

Ames tester strains (TA97a and TA98) were grown on broth solid 
medium (10.0 g/L tryptone, 5.0 g/L yeast extract, 5.0 g/L NaCl, 2.6 g/L 
K2HPO4⋅3H2O and 20.0 g/L agar) at 37 ◦C for 24 h. A ring of strain from 
solid medium was cultivated in broth liquid medium (10.0 g/L tryptone, 
5.0 g/L yeast extract, 5.0 g/L NaCl and 2.6 g/L K2HPO4⋅3H2O) at 37 ◦C 
with a shaking of 100 r/min for 24 h to reach 108 ~ 109 colony forming 
units (CFU) /mL, which was employed as the seed liquid. 

2.2. Growth curve 

After inoculation with a 2% ratio of above seed liquid strain (Section 
2.1) into sterilized broth liquid medium, the suspension was incubated 
at 37 ◦C under 100 r/min and absorbance values were determined at 600 
nm at intervals of 2 ~ 4 h by spectrophotometry (TU-1800, Persee 
General Co., Ltd., Beijing, China). 

2.3. Optimization of ultrasonic parameters for a maximum reversion 
mutation 

2.3.1. Preparation of screening culture medium 
The medium was prepared by the method [15] with some modifi

cations. A aliquot of 8 mL phosphate buffer solution (175 g/L 
NaNH4HPO4⋅3H2O, 100 g/L C6H8O7⋅H2O, 500 g/L K2HPO4 and 10 g/L 
MgSO4⋅7H2O), 20 mL glucose solution (40%, w/v) and 0.6 mL histidine- 
biotin solution (0.5 mmol/L) were successively added into 400 mL 
sterilized agar medium (1.5%, w/v). Then, the solution was evenly 
mixed for preparing plates (7.5 cm in diameter), followed by conden
sation and solidification. Finally, the inverted plates were placed in the 
clean bench for further use. 

2.3.2. Strains to receive ultrasound irradiation 
The experimental protocol applied was exactly as described by the 

Ames laboratory [15] with slight modifications. The bacteria liquid of 
2% was inoculated into the sterilized broth liquid medium, followed by 

incubation for a certain period at 37 ◦C and 100 r/min. Then, the sus
pension sample in a sealed conical flask was placed in the ultrasonic 
treatment tank to receive irradiation. The self-developed ultrasonic de
vice (Fig. 1) was applied to stimulate the Ames tester strains. Influences 
of ultrasound time of 0, 5, 10 and 15 min (power density of 20 W/L and 
frequency of 40 kHz after incubation for 6 h), incubation for 4, 6 and 8 h 
(power density of 20 W/L and frequency of 40 kHz under the optimal 
ultrasonic time condition), power density of 10, 20, 40 and 60 W/L 
(frequency of 40 kHz under the optimal ultrasonic time and cultivation 
condition) and frequency of 20, 35, 40, 50 and 60 kHz (under the 
optimal ultrasonic time, power density and cultivation condition) on the 
revertant colonies and total colonies of Ames tester strains were inves
tigated. The ultrasonic pulsed model was set at on-time for 4 s and off- 
time for 1 s. Meanwhile, the suspension without ultrasonic treatment 
was set as the control group. After sonication, the bacterial suspension 
was placed in incubator at 37 ◦C for 40 min. The number of revertants 
induced by sonication and the spontaneous revertants (without soni
cation) on screening culture medium was respectively counted and the 
reversion mutation rate of Ames tester strain was calculated combined 
with the total number of colonies (total CFU/mL) on broth medium 
plates. The ratio of the mutation rate of sonication group to the spon
taneous mutation rate, namely the relative mutation multiple, was set as 
an index for evaluating ultrasound-mediated DNA mutation. 

2.3.3. Colony counting of Ames tester strains 
After incubation for 40 min, 75 µL of cell suspension was added into 

the plate of screening culture medium. Plates were placed at 37 ◦C for 
48 ~ 60 h and the number of revertants was determined via plate colony 
counting. In addition, the sonicated cell suspension solution was serially 
diluted (approximately 10− 6) in sterilized water and 100 µL was added 
into the plate of broth solid medium, which was incubated at 37 ◦C for 
24 h and colonies formed were counted as total CFU/mL. A preliminary 
estimation of each treatment was performed to determine the best range 
of colonies for counting. The reversion mutation rate and relative mu
tation (multiple) were determined as follows: 

Reversion mutation rate =
Number of revertant CFU/mL

Number of total CFU/mL
(1)  

Relative mutation (multiple) =
A1

A0
(2)  

where A1 is the reversion mutation rate of sonicated samples; A0 is the 
reversion mutation rate of samples without sonication (spontaneous 
revertants). 

Figure 1. Divergent multi-frequency ultrasonic equipment including overhead 
view of transducer (A) and front view of ultrasound device (B). 1-electric 
control cabinet; 2-ultrasonic generator; 3-sample vessel; 4-ultrasonic trans
ducer; 5-thermostatic water bath. Numbers on the ultrasonic transducer 
(overhead view) represent ultrasonic frequency of 20, 35, 40, 50 and 60 kHz, 
respectively, which are distributed symmetrically in a hexagon. 
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2.4. PCR amplification and sequencing of revertants 

Under the optimal sonication condition, the revertant colonies 
(Section 2.3.3) with InDels were picked up and cultured in 500 μL 
screening liquid medium (2% phosphate buffer solution, 5% glucose 
solution (40%, w/v) and trace histidine-biotin solution (0.5 mmol/L) in 
sterilized water) for 12 h, which was used for further polymerase chain 
reaction (PCR) by PCR instrument (T100TM Thermal Cycler, Bio-Rad, 
Shanghai, China). the primers (Primer 1 and Primer 2) were shown in 
Table 1 and the PCR program included pre-denaturation at 94 ◦C for 3 
min, followed by 35 cycles of denaturation at 94 ◦C for 20 s, annealing at 
55 ◦C for 30 s and extension at 72 ◦C for 90 s. Final extension was given 
at 72 ◦C for 10 min. The obtained amplified products were verified by 
polyacrylamide gel electrophoresis (PAGE) and sequencing was per
formed (Sangon Biotech Co., Ltd. Shanghai, China). Molecular evolu
tionary genetic analysis program (MEGA v7.0) was used for multiple 
sequence alignment analysis of sequencing results. 

Based on the sequencing results (Primer 1 and Primer 2) of hisD3052 
gene of 1752 TA98 revertants (performed in triplicate), it was found that 
the InDels in hisD3052 gene was concentrated in a short DNA region. In 
order to more intuitively and effectively distinguish the InDels in 
hisD3052 gene by PAGE, the primers (Primer 3 and Primer 4, Table 1) of 
hisD3052 were redesigned for PCR and the amplified products (372 bp) 
were also verified by PAGE for preliminary screening. Data points of 
total 1752 TA98 revertants were sequenced for statistical analysis of the 
distribution of ultrasound-mediated InDels in this study. 

2.5. Polyacrylamide gel electrophoresis 

PAGE is a method of separating DNA fragments and proteins based 
on size, structure and molecular weight [16]. In this study, non
denaturing or native PAGE was applied to verify the InDels in hisD3052 
gene of TA98 revertants. Briefly, the amplified products of hisD3052 
from TA98 revertants and TA98 strain (internal standard) were mixed 
thoroughly at the ratio of 7:3, which was used for the loaded sample. 
Subsequently, the separation was performed using an electrophoresis 
power supply set at 220 V/gel for 90 min using DYCZ-30C electropho
resis system (Liuyi Biotechnology Co., Ltd, Beijing, China). Finally, 
developing solution (8% glucose, 0.7% boric acid and 1.1% sodium 
hydroxide) was added into the gel in the TS-1000 decolorizing orbital 
shaker (Kylin-Bell Lab Instruments Co., Ltd, Jiangsu, China) with a speed 
of 60 r/min until clear electrophoretic bands appeared. 

2.6. Analysis of transcriptomics 

The Ames tester strain TA98 was sonicated under the optimum pa
rameters according to 2.3.2. The TA98 strain without ultrasound treat
ment was set as the control. Subsequently, the bacterial cells were 
immediately placed in a constant temperature incubator at 37 ◦C for 
0 min/10 min and then centrifuged at 4000 r/min for 15 min. The ob
tained bacterial precipitation (reverse mutant strains) was washed with 
sterilized distilled water repetitiously to remove the residual medium. 
Afterwards, the cell was quickly placed in liquid nitrogen for 2 min and 
stored at − 80◦C. All experiments were performed in triplicate. The 
nucleic acid extraction and data analysis were performed by Shanghai 
Rongxiang Biotechnology Co., Ltd. (Shanghai, China). 

2.7. Statistical analyses 

Each test was replicated three times unless stated otherwise. Data 
were expressed as means ± SEM. Results were analyzed by using one- 
way ANOVA and LSD test at p＜0.05 using SPSS v16.0 (IBM Corpora
tion, USA). Graphs were drawn by OriginPro 2019b software (Origin
Lab, USA). The secondary structure of single-stranded DNA hairpin was 
predicted and drawn using the ssDNA structure analysis tools 
(http://rna.urmc.rochester.edu/RNAstructureWeb/Servers/ Pred 
ict1/Predict1.html). 

3. Results and discussion 

3.1. Growth curves of Ames tester strains 

The growth curves of Ames tester strains TA97a and TA98 were 
exhibited in Fig. 2, which could be as baseline data for identifying 
different growth phases. It was concluded that the latent phase was 
within 1 h, followed by an exponential period and stationary phases 
which began from 1 h and 14 h, respectively. In the metaphase of log
arithmic growth period, due to the mass propagation of microorganisms 
and DNA rapid replication, Salmonella strains of 4 ~ 8 h were selected 
for further reversion mutation experiment. 

3.2. Effect of ultrasound irradiation on reversion mutation of Ames tester 
strains 

As seen in Fig. 3, the influences of ultrasonic time (duration of 0, 5, 
10 and 15 min) on relative mutation multiple (reversion mutation rate of 
10− 6 ~ 10− 9) and total CFU/mL of TA97a and TA98 were investigated at 
20 W/L and 40 kHz after cultivation for 6 h. The results showed that 
there was no significant difference observed in the reversion mutation 
rate of TA97a between sonication group (8.0 ~ 8.9 × 10− 8) and the 
control (8.0 × 10− 8). In terms of TA98 strain, the maximum multiple 
(2.68) of relative mutation was achieved at sonication for 5 min, the 
reversion mutation rate of which was up to 1.1 × 10− 6 (Fig. 3B). This 
suggested that sonication with an appropriately selected application 
regimen could promote the DNA mutation of TA98 strain. Despite of two 
strains belonging to frameshift mutations, the influence of ultrasound on 
reversion mutation of TA98 strain was greater than those of TA97a 
strain. This was similar to previous studies which displayed different 
mutagenic responses of TA97a and TA98 to a range of reference 

Table 1 
Primers used for amplification of hisD3052 gene in TA98 strain.  

Primers Sequence of primers (5́ → 3́) 

Primer 1 ATGGAGTAAAGACCATGAGCTTCA 
Primer 2 TGCTTGCTCCTTGAGGGCGT 
Primer 3 GTCAGGTCAGCCAGCGTCT 
Primer 4 GTAATCGCATCCACCAAATC  

Figure 2. Growth curves of Ames tester strains (TA97a and TA98) based on 
broth medium. 
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mutagens [32,33]. This was probably explained by the different InDel 
types in hisD3052 gene of TA98 (defective gene of − 1 bp deletion of CCC 
→ CC) and TA97a (defective gene of +1 cytosine at run of C’s) [20,34]. 
Therefore, TA98 was selected for further experiment. 

Furthermore, in this study, ultrasound did not cause a substantial 
reduction in the total number of colonies (< 0.3log), which suggested 
that low-intensity ultrasound was non-lethal in the process of promoting 
the reversion mutation (InDels) of TA98 strain (some ultrasonic condi
tions promoted the growth of strains) and it was considered as a weak 
mutagenesis technology suitable for continuous mutation. This was 
dissimilar to those traditional strong mutagenic fields, such as UV, ARTP 
and X-ray, in which the lethal rate is often applied to evaluate the 
mutagenic effects. However, traditional strong mutagenic fields were 
prone to excessive mutagenesis of strains and thus affected the 
comprehensive performance of mutants, which was not conducive to the 
adaptive survival of the mutants. Adaptive laboratory evolution (ALE) is 
a continuous evolutionary mutation and an efficient strategy for 
adapting original strain under the given selective pressure to screen 

mutants with improved phenotypes or physiological characteristics 
[17]. Traditional ALE is mainly concentrated on the natural mutation of 
gene, which needs many circles of passage to obtain expected mutants 
suitable for environmental factors. If the low-lethality ultrasound tech
nology is continuously applied to evolutionary mutagenesis, it will 
enhance mutation efficiency and promote the production and enrich
ment of positive mutation. Accordingly, our findings provided important 
theoretical references for the application of ultrasound in evolutionary 
mutation. 

3.3. Effects of ultrasound parameters on reversion mutation of TA98 
strain 

3.3.1. Ultrasonic stage 
Effects of sonication stage (power density of 20 W/L and frequency of 

40 kHz for 5 min) on the reversion mutation and total CFU/mL of Sal
monella typhimurium TA98 in the metaphase of logarithmic growth phase 
(incubation for 4, 6 and 8 h) were plotted in Fig. 4A. The results reflected 

Figure 3. Effects of ultrasonic time (0, 5, 10 and 15 min) on reversion mutation and total CFU of TA97a (A) and TA98 (B) after cultivation for 6 h. The relative 
mutation was the ratio of mutation rate of ultrasound group and blank group. Sonication conditions: ultrasonic pulsed model of on-time for 4 s and off-time for 1 s 
under ultrasonic power density of 20 W/L and frequency of 40 kHz. 

Y. Li et al.                                                                                                                                                                                                                                        



Ultrasonics Sonochemistry 92 (2023) 106270

5

that sonication exerted on TA98 strain after cultivation for 6 h signifi
cantly increased the reversion mutation rate (up to 1.1 × 10− 6) and total 
CFU/mL, which enhanced by 168.25% and 45.08% over the control, 
respectively (p < 0.05). In the early stage of cultivation, TA98 strain 
acclimatized themself to synthesize and accumulate sufficient amounts 
of enzymes or intermediate metabolites for cell proliferation [18]. Thus, 
the introduction of ultrasound at cultivation for 4 h was not obvious to 
stimulate cell growth and reversion mutation. But sonication at later 
cultivation period of 8 h was also not conducive to the improvement of 
reversion mutation, which was probably ascribed to the nutrient 

deprivation or stressing conditions [19]. Compared to the control, 
regardless of sonication at cultivation for 4 h or 8 h, there was no sig
nificant increment in the total CFU/mL of TA98 strain, which was 
inconsistent with the results of Dai et al. [1] who discovered that the 
biomass of Saccharomyces cerevisiae increased by 127.03% after soni
cation for 1 h at frequency of 28 kHz and power of 140 W/L. This may be 
attributed to the difference of ultrasonic conditions and bacterial strains. 
Therefore, sonication exerted on TA98 strain after cultivation for 6 h 
was applied in the further experiment. 

3.3.2. Ultrasonic power 
Fig. 4B displayed the influence of ultrasonic power density (10, 20, 

40 and 60 W/L) on the reversion mutation rate and total CFU/mL of 
TA98 at frequency of 40 kHz for 5 min after cultivation for 6 h. 
Compared to the control, sonication at power density of 10 W/L did not 
lead to the measurable increment of TA98 revertants. The maximum 
multiple (2.55) of relative mutation over the spontaneous reversion rate 
appeared at sonication of 20 W/L and 40 W/L. With the further 
increasing of ultrasonic power density to 60 W/L, a decreased relative 
mutation multiple (1.78) was found in TA98 strain above the control. 
Hence, higher power density (> 40 W/L) were not always needed to 
obtain the desired mutation effects. However, the total CFU/mL of TA98 
to receive sonication at 60 W/L was more than those of 20 W/L and 40 
W/L. This suggested that power density of more than 40 W/L was not 
conducive to promoting reversion mutation, but it was beneficial for cell 
growth of TA98 strain. It could be deduced that there were probably 
different ultrasonic response mechanisms for regulating DNA mutation 
and cell growth. Additionally, high power of sonication easily causes 
worsening of the ultrasonic transducer, which led to too much cavitation 
and poor transmission of the ultrasound through the liquid media [20]. 
Overall, 20 W/L was selected as the optimal sonication power density to 
promote reversion mutation of TA98 strain in the further experiments. 

3.3.3. Ultrasonic frequency 
Effects of ultrasonic frequency (20, 35, 40, 50 and 60 kHz) on 

reversion mutation and total CFU/mL of TA98 strain at 20 W/L for 5 min 
after cultivation for 6 h were shown in Fig. 4C. The maximum relative 
mutation of 2.56 multiple (reversion mutation rate of 1.0 × 10− 6) was 
exhibited at ultrasonic frequency of 40 kHz, followed by 20 kHz (1.39 
multiple). It could be seen that simply increasing the frequency of son
ication did not obtain more reversion mutations. This was probably 
attributed to the so-called “frequency windows”, which could provide 
special biological effects on cellular system [21]. According to the 
investigation, there was no significant difference in total CFU/mL for 
TA98 between sonicated samples and the control except sonication of 50 
kHz, where the reversion mutation rate was lower than spontaneous 
reversion rate. This indicated that ultrasound frequency not conducive 
to promoting reversion mutation was better for cell growth, which was 
consistent with the results of ultrasound power density. These results 
provided important references for rational selection of ultrasound pa
rameters to meet different experimental needs. Different from previous 
researches that reported ultrasound could promote the propagation of 
microorganism and thus lead to biomass increment [1,3], in this study, 
the shorter ultrasonic treatment time was enough to promote the 
reversion mutation rather than discernible proliferation of Salmonella 
typhimurium TA98. This could be explained by the spontaneous rever
sion of Ames tester strains and this process could be accelerated by the 
introduction of ultrasound. Collectively, 40 kHz was regarded as the 
optimal sonication frequency for promoting reversion mutation of TA98 
strain. 

3.4. Ultrasound-mediated InDels polymorphisms in hisD3052 gene of 
TA98 revertants 

The InDels in hisD3052 gene of total 1752 TA98 revertants from 
sonication group (frequency of 40 kHz, power density of 20 W/L for 5 

Figure 4. Effects of ultrasonic stage (A), power density (B) and ultrasonic 
frequency (C) on reversion mutation and total CFU of TA98 for 5 min with 
ultrasonic pulsed model of on-time for 4 s and off-time for 1 s. The relative 
mutation was the ratio of mutation rate of ultrasound group and blank group. 
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min after cultivation for 6 h) and the control were studied based on 
sequencing analysis. As can be seen in Fig. 5A, there were base insertions 
(+43/+34/+28/+25/+22/+19/+16/+10/+7/+4/+1 bp) and de
letions (− 2/− 5/− 8/− 11/− 14/− 17/− 20/− 23/− 29 bp) of InDels 
observed in hisD3052 gene of TA98 revertants, which was much similar 
to lognormal distribution and inconsistent with those reported previ
ously [14]. Additionally, all InDels of sonicated TA98 revertants 
appeared to be double frameshifts (+/− ), which proved to be shown in 
Fig. 5B. This was in agreement with the results of Isono et al. who 
discovered revertants were double frameshift (+/− ) mutants induced by 
different carcinogens [14]. These InDels were conformed to the general 
regularity of 3n+1 (n is an integer). This was attributed to the fact that 
three base codons corresponded to one amino acid and the (3n+1) bp 
could restore the reading frame of the gene encoding protein because 
there was − 1 bp deletion in hisD3052 gene of TA98 strain compared to 
the wild-typed strain [14]. However, there were neither insertions of 
+40/+37/+31/+13 bp nor deletion of − 26 bp detected in this experi
ment, which was probably ascribed to the no restoration of protein 
function caused by these InDels in hisD3052 gene of TA98 strain [13]. 

The classical InDel (+1 bp) of hisD3052 gene in TA98 revertants from 
the control and sonication group accounted for 17.81% and 12.45%, 
respectively, of which the percentage of hisD3052 gene reversion to the 
wild-typed sequence (CC→CCC) was in the tiny minority for both groups 
(0.34% and 0.23% for sonication group and the control group, respec
tively). In nonclassical InDels, +4 bp insertion and − 2 ~ − 23 bp de
letions (almost 80% including − 2 bp of 55.60%) occurred in the control 
group. After sonication, there was an additional deletion of − 29 bp 
(1.60%) and insertions of +7 ~ +43 bp direct repeat sequences 

(16.10%) observed in hisD3052 gene of TA98 revertants (Table 2), the 
proportion of which +16 bp (4.22%) and +28 bp (2.85%) were signif
icantly higher than other adjacent insertion types. This indicated that 
ultrasound promoted the occurrence of base insertions, especially the 
insertions of DNA large fragments, which rarely occurs spontaneously. 
Furthermore, the insertions of +7 ~ +43 bp direct repeat sequences 
were consistent with the law of micro-homologous recombination 
[22,23]. This could be explained by the InDels caused by a less direct 
mechanism than that of intercalating agents [24]. Regardless of the 
control (without sonication) or sonication group, − 2 bp deletion was the 
main InDel in hisD3052 gene for TA98 strain. A priori, TA98 strain (− 1 
bp deletion) should be reversion to the wild-typed gene (CC→CCC) in 
hisD3052 because the correction of +1 bp insertion may occur by 
restoration of the wild-typed base sequence. However, this study 
showed that − 2 bp deletion was the predominant InDel type in 
hisD3052, which implied that this capacity of +1 bp insertion was much 
weaker than its capacity to cause − 2 bp deletion in similar DNA repeats 
for TA98 strain. This indicated that the probability of base deletion of 
InDels polymorphisms was higher than that of base insertion in the 
process of DNA replication. 

Base on the sequencing results of 1752 TA98 revertants, it was found 
that there was a total of 127 InDel types (Fig. 6A). The common InDel 
types from ultrasound group and the control were 57 kinds, and the 
unique InDel types of ultrasound group were 53 kinds, which was 36 
kinds more than that of unique to the control. This illustrated that ul
trasound could significantly increase the InDel types. In the sonication 
group, there was only one mutation type (unique to ultrasound) 
observed in the +16 ~ +43 bp insertions and − 29 bp deletion, while 3 

Figure 5. Distribution of InDels polymorphism based on sequencing results of hisD3052 gene from TA98 revertants (A) and PAGE of the corresponding InDels types 
of PCR products from hisD3052 gene (B). 
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and 2 types of mutation (unique to ultrasound) were observed in the 
+10 bp and +7 bp insertions, respectively. Except for InDel types in 
common (common to both), the respective unique InDel types from both 
groups were observed in the +4 bp, +1 bp, − 2 bp, − 8 bp, − 11 bp and 
− 14 bp, while in the − 5 bp, − 17 bp, − 20 bp and − 23 bp (>1 kind), the 
unique InDel type only appeared in the sonication group. This was 
considered as a validation that the restoration of protein function 
induced by nonclassical InDels in hisD3052 gene also caused the 
phenotypic reversion mutation of TA98 strain. This aspect of the 
research suggested that ultrasound increased more mutation possibil
ities, which has been mainly attributed to ultrasonic physical effects 
(acoustic cavitation and the resulting high-speed microjets and shock
waves) and/or chemical phenomena occurred owing to the formation of 
free radicals from the sonolysis of water vapor inside collapsing bubbles 
[25–27]. 

3.5. Effect of ultrasound on mRNA expression profile of TA98 strain 

In order to better understand ultrasound-mediated InDels in 
hisD3052 gene of TA98 strain, this study specifically analyzed the dif
ferential gene expression in mRNA transcription process of TA98 at 
cultivation for 0 min and 10 min after ultrasound treatment. In this 
experiment, four groups of TA98 strain were prepared for Illumina 
transcriptome sequencing. Each group contained three samples with the 
same treatment (total 12 samples). Two group was treated with the 
optimal sonication conditions for cultivation at 37 ◦C for 0 min and 10 
min (T_0min and T_10min), respectively; the other two group was un
treated as a control group for cultivation at 37 ◦C for 0 min and 10 min, 
respectively (C_0min and C_10min). Through normalization and hier
archical clustering, the clustering heat map of differentially expressed 
genes was drawn after GO enrichment analysis between sonication 
group and control group (Fig. 7A). According to the differential genes 
KEGG enrichment analysis, the enriched KEGG pathways at 0 min (8 up- 
regulated pathways and 13 down-regulated pathways) and 10 min (35 
up-regulated pathways and 7 down-regulated pathways) were respec
tively displayed in Fig. 7B and C. 

As can be seen in Fig. 7A, these differentially expressed genes involve 
a variety of key genes related to DNA replication and repair process. The 
involved representative differentially expressed genes mainly contained 
topA (GO: 0018124), uvrD (GO: 0000724), hupA (GO: 0003677), polA 
(GO: 0015426), polB (GO: 0042575), holB (GO: 0006261), lig (GO: 
0015989), recO (GO: 0000809), recN (GO: 0009432), radA (GO: 
0000794), mutL (GO: 0032390) and mutS (GO: 0062128) according to 
their p-value (< 0.05). The downstream proteins transcribed and 
translated by the genes of topA, uvrD and hupA respectively corre
sponded to the DNA topoisomerase, DNA helicase and DNA-binding 
protein (SSB, single-stranded DNA binding protein), which binds to 
the single-stranded DNA to prevent DNA rematching and protect it from 
degrading by protein or nucleic acid enzymes [28]. These three proteins 
jointly regulate the unwinding of double strands in the process of DNA 
replication, which is vital for cell growth, repair and reproduction in 
organisms [29]. In this study, the overall expression of DNA helicase, 
SSB and DNA ligase (lig, GO: 0015989) decreased significantly, indi
cating that ultrasound may cause the instantaneous stagnation of DNA 
replication-fork. 

The genes of polA, polB and holB belong to the ontology of DNA 
polymerases, which play pivotal roles in the complex processes that 
maintain genetic integrity [30]. The mRNA of DNA polymerases was 
first down-regulated (0 min) to about 2 times and then up-regulated (10 
min) in the sonicated TA98 strain to about 2 times as compared with that 
of the control. The result further suggested that ultrasound changed the 
expression of genes related to DNA replication. Combined with the up- 
regulated expression in recO (recombination protein) and recN, which 
is a kind of SOS-inducible protein and serves to stabilize damaged DNA 
prior to recombination and repair [31], ultrasound treatment influenced 
the process of DNA replication by making DNA replication-fork stop Ta
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instantaneously, and the activation of DNA related repair mechanism 
ensured the normal progress of DNA replication. Additionally, there was 
a significant up-regulation expression in DNA mismatch repair genes 
mutL and mutS, which could also provide products for transcription- 
coupled nucleotide-excision repair [32]. Different from the DNA 
mismatch repair encoded by mut genes, the up-regulated repair protein 
encoded by radA gene is mainly involved in homologous recombination 
and DNA damage repair [33]. These findings indicated that sonication 
affected the DNA replication process and then initiated the corre
sponding DNA repair mechanisms during the reversion mutation of 
TA98 strain. 

According to the KEGG pathway enrichment analysis, the involved 
pathways of these differentially expressed genes at 0 min (Fig. 7B) were 
only half of that at 10 min (Fig. 7C), at which the up-regulated pathways 
increased by 27 pathways compared with those of 0 min. This indicated 
that it was necessary to select the appropriate mRNA transcription 
monitoring time after ultrasound treatment, because DNA replication 
was a continuous dynamic process. The activation of DNA damage 
repair pathway occurs only after DNA damage, followed by the activa
tion of cell cycle nodes [34]. Based on the p-value (< 0.05) and the 
functions of the ultrasound reflected on the phenotypes of the sonicated 
TA98 strain, four representative KEGG pathways were observed in the 
two-component system (path: ko02020) and DNA repair mechanisms 
including base excision repair (path: ko03410), mismatch repair (path: 
ko03430) and homologous recombination (path: ko03440). 

Two-component system is a predominant signalling mechanism and 
comprises histidine kinases, histidine phosphotransferases and response 
regulators, which serves as a basic stimulus–response coupling mecha
nism that allows organisms to sense and respond to environmental 
changes [35]. In this study, the up-regulation of overall expression in 
two-component system suggested sonication probably influenced the 
frequency of initiation of transcription of specific genes or operons [36] 
and mediated a cellular response of TA98 strain. The high fidelity of 
DNA semi-conservative replication is achieved by two cellular functions 
that involve discrimination of correct versus incorrect nucleotides by 
DNA polymerases [37,38] and postreplication mismatch repair, which is 
mainly repaired by mutS, mutH and mutL proteins encoded by mut gene 

[39]. In this study, the genes mutS, mutL and radA were up-regulated to 
about 2 times in the sonicated TA98 strain (Fig. 7), which implied that 
repair mechanisms probably induced the InDel polymorphisms in 
hisD3052 gene of TA98 strain. Furthermore, investigations reported that 
RecJ gene tended to participate in the long-patch base excision repair 
pathway [40], increasing the possibilities of InDels in hisD3052 gene of 
TA98 strain. 

3.6. Hypothesis 

Combined with the “thermal breathing” effect in DNA replication 
[41,42] and micro-homologous recombination [22], the mechanism of 
ultrasound-mediated InDel polymorphisms was put forward (Fig. 8). All 
the InDels occurred in the core mutation region (No. 832 ~ 915 bp) of 
hisD3052 gene (total 1305 bp) and the sequences of InDels unique to 
ultrasound were shown in Fig. 8A. The inserted DNA large fragments 
(+7 ~ +43 bp) induced by ultrasound were all direct repeat sequences 
and there was more than one kind in some insertion types, such as +7 bp 
and +10 bp (Table 2). This suggested that the ultrasound-mediated base 
insertions of InDels were not random. From prokaryotes to eukaryotes, 
the number of repeats sequences in genomes is increasing, which implies 
that repeats sequences are not junk sequences and their functions have 
been gradually revealed, including gene expression, transcriptional 
regulation, chromosome construction and physiological metabolism 
[43,44]. Therefore, research on the direct repeat sequences induced by 
low-intensity ultrasound will be not only helpful to further explore the 
mechanism of ultrasound-mediated InDels, but also conducive to the 
further development of of life science. 

According to the relative structure analysis tools, it was found that 
the single-stranded DNA from core mutation region (No. 832 ~ 915 bp) 
of hisD3052 gene easily formed into a relatively stable hairpin structure 
(Fig. 8B), which was mainly formed by self-pairing of bases. Based on 
the prediction analysis, it was observed that an advanced structure 
formed between the sense DNA of inserted direct repeats sequence in 
hisD3052 gene of TA98 revertants and antisense DNA in hisD3052 gene 
of TA98 strain (Fig. 8C). The partial bases of inserted direct repeats 
sequence formed DNA hairpin structure by self-folding, and partial bases 

Figure 6. Number of types of each InDel in hisD3052 gene from 1752 TA98 revertants. U – ultrasound group, C – the control group (without sonication).  
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formed micro-homologous pairing with the antisense DNA in hisD3052 
gene of TA98 strain, which was similar to the microhomology-mediated 
gene recombination [22,23]. Furthermore, combined with the proba
bility of each insertion type in InDels of sonication group (Fig. 5A), the 
four bases at the 3’ end of hairpin structure (Fig. 8C) were observed to 
regularly conform to a phenomenon. For the same insertions, supposing 
m is the maximum number of base-pairing with the antisense DNA in 
hisD3052 gene of TA98 strain. The larger m is (the more stable structure 
with micro-homologous pairing is), the higher is the frequency of 
occurrence of the corresponding revertants. In this study, the higher 
proportion of +4, +16 and +28 bp insertions (Fig. 5A) may be related to 
the existence of more stable micro-homologous sequences. As a whole, 
the effect of ultrasound on base insertions of InDels was significantly 
greater than that on base deletions. Therefore, the underlying mecha
nisms were proposed as follows:  

(1) Mechanisms of base deletions in InDels based on ultrasonic mass- 
transfer effect 

In the process of DNA bi-directional replication (5́→3́), SSB functions 
as a sliding platform that migrates on DNA via reptation [45] and can 

spontaneously bind to or shed from the single-stranded DNA [46], which 
is prone to make complementary base-pairs of single-stranded DNA meet 
by self-folding and form hydrogen bonds, thus resulting in the formation 
of local hairpin structure (Fig. 8D). Accordingly, DNA polymerase III 
could cross this region in DNA replication, which resulted in the deletion 
of this fragment (Fig. 8D). In this study, the average coefficient of 
variation (CV value of 16.51%) of base deletions induced by ultrasound 
was much less than that of the control (CV value of 32.79%), which 
demonstrated that the distribution of base deletions induced by ultra
sound was more uniform (Fig. 5A). This was probably due to the high 
frequency vibration induced by ultrasound that accelerated the balance 
of SSB shedding from and binding to DNA single strand. It was reported 
that SSB tetramers could bind to single-stranded DNA in several binding 
modes, (SSB)x, where the number of nucleotides occluded per tetramer 
(x) was 34 or 35 [47,48]. In this study, the most deletion of − 29 bp 
illustrated that ultrasound probably caused one SSB to shed from DNA 
single strand.  

(2) Mechanisms of base insertions in InDels based on ultrasonic heat- 
transfer effect 

Figure 7. Effects of ultrasound under the optimal sonication conditions on the mRNA expression profile of TA98 strain. (A): Differentially expressed genes heat map; 
(B): Differential genes KEGG enrichment analysis at cultivation for 0 min after sonication; (C): Differential genes KEGG enrichment analysis at cultivation for 10 min 
after sonication. (samples of C_0min and C_10min respectively referred to the control groups incubated at 37 ◦C for 0 min and 10 min; samples of T_0min and 
T_10min respectively referred to the sonication groups incubated at 37 ◦C for 0 min and 10 min). 
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Figure 8. Proposed mechanisms of ultrasound-mediated InDels in hisD3052 gene. (A): InDel polymorphisms (unique to ultrasound) of core mutation region (No. 832 
~ 915 bp); (B): Structure prediction of single-stranded DNA hairpin of core mutation region; (C): Advanced structure derived from the sense DNA of inserted direct 
repeats sequence in revertants pairing with antisense DNA of TA98; The proposed base deletion (D) and insertion mechanism (E) of DNA induced by ultrasound. 

Y. Li et al.                                                                                                                                                                                                                                        



Ultrasonics Sonochemistry 92 (2023) 106270

11

In the process of DNA bi-directional replication (5́→3́), the leading 
strand will be directly synthesized after separation of parental DNA 
strands by the helicase; while the lagging strand is not one-time syn
thesized as one long strand, but a collection of a large number of small 
Okazaki fragments. After one Okazaki fragment is synthesized, DNA 
polymerase III must periodically jump back to the replication fork of the 
new unwound lagging strand for the next Okazaki fragment. Under the 
action of instantaneous high temperature generated by ultrasound 
cavitation, the hydrogen bonds between complementary base-pairs of 
double-stranded DNA at the nick of Okazaki fragment pair and break 
periodically (“thermal breathing”) [41,42], resulting in the formation of 
unstable single-stranded DNA (Fig. 8E). When complementary base- 
pairs of single-stranded DNA meet by self-folding and form hydrogen 
bonds (hairpin structure), DNA new strand generates a gap which will be 
filled by DNA polymerase I or other DNA polymerases. Afterwards, the 
left DNA nick is connected by DNA ligase. Thus, new DNA has additional 
direct repeats sequence (Fig. 8C) compared to the original sequence. 

4. Conclusions 

In this study, Ames tester strain was employed as model microor
ganisms to investigate ultrasound-mediated InDel polymorphisms and 
underlying mechanisms. Results revealed that sonication promoted the 
reversion mutation of TA98 strain and the occurrence of InDels, 
particularly DNA large fragment insertions (+7 ~ +43 bp insertions of 
direct repeat sequences). Based on the analysis of transcriptomics and 
prediction of secondary structure of single-stranded DNA from InDels 
core region (No. 832 ~ 915 bp) in hisD3052 gene, the mechanisms of 
ultrasound-mediated InDel polymorphisms of DNA were put forward, 
which referred to the effects of ultrasonic mass-transfer (SSB shedding 
from and binding to DNA single strand) and heat-transfer (“thermal 
breathing”). This finding will shed light on how base sequences prone to 
forming hairpin structure induce InDels in DNA replication. This may be 
considered a promising study of the rational design for InDels of DNA 
large fragment induced by low-intensity ultrasound. We believe that this 
study will facilitate the in-depth application and development of low- 
intensity ultrasound technology for continuous mutagenicity. 
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