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A B S T R A C T   

Horizontal gene transfer (HGT) is a bacterial evolution tool for improved survival. Although several environ-
mental stimuli induce or promote HGT, the diversity and complexity of the environmental factors have not been 
sufficiently elucidated. In this study, we showed that the biofilm culture of Escherichia coli at the air–solid 
interface in the presence of a subminimal inhibitory concentration (sub-MIC) of ampicillin (~0.5–4 µg/mL) and 
subsequent mechanical stimulation (rolling small glass balls, ø = 5–8 mm) cooperatively promoted horizontal 
plasmid transfer without the usual competence-inducing conditions. Either of the two treatments promoted 
plasmid transfer at a lower frequency than when the treatments were combined. The effect of several parameters 
on the two treatments was tested and then optimized, achieving a high frequency of plasmid transfer (up to 10− 6 

per cell) under optimal conditions. Plasmid transfer was DNase-sensitive for both treatments, demonstrating its 
mechanism of transformation. Plasmid transfer occurred using various E. coli strains, plasmids, ball materials, 
shaking conditions, and even the mechanical stimulation of brushing the biofilm with a toothbrush, indicating 
the conditional flexibility of this phenomenon. This is the first demonstration of the promoting effect of the 
combination of a sub-MIC antibiotic and mechanical stimulation on horizontal plasmid transfer between E. coli 
cells via transformation. Regarding environmental bacterial physiology, the aggregations or biofilms of bacterial 
cells may encounter both sub-MIC antibiotics and mechanical stimuli in some specific environments, therefore, 
this type of HGT could also occur naturally.   

1. Introduction 

Horizontal gene transfer (HGT) is a bacterial evolution tool that 
improves survival in a variety of habitats (Bushman, 2002; Thomas and 
Nielsen, 2005; de la Cruz, 2020). However, HGT in the human envi-
ronment often causes adverse effects or poses potential threats to public 
health because of the occurrence of novel pathogenic bacteria and 
antibiotic-resistant bacteria (Bushman, 2002; Morabito, 2014; Lermi-
niaux and Cameron, 2019; Mochizuki and Maeda, 2020). 

E. coli can develop modest natural competence under several envi-
ronmental conditions (Baur et al., 1996; Bauer et al., 1999; Tsen et al., 
2002; Woegerbauer et al., 2002; Maeda et al., 2003, 2004; Sun et al., 
2006; Matsumoto et al., 2016a; Komiyama and Maeda., 2020; Riva 
et al., 2020). Transformation in E. coli can be also artificially induced by 
several stimuli, including CaCl2, heat shock, polyethylene glycol, and 
electrical shock (Green and Sambrook, 2012). A subminimal inhibitory 
concentration (sub-MIC) of antibiotics has been proposed to influence 
several aspects of bacterial cell physiology besides inhibiting bacterial 

cell growth (Andersson and Hughes, 2014). Certain antibiotics have 
been reported to induce transformation with added plasmid DNA in 
naturally transformable bacteria, Streptococcus pneumoniae (Prud-
homme et al., 2006) and Legionella pneumophila (Charpentier et al., 
2011). Wu et al. (2020) reported that a sub-MIC of antibiotics facilitated 
artificial transformation in chemically-competent E. coli cells with pu-
rified plasmid DNA. The mechanical penetration of mineral nanoneedles 
[e.g., chrysotile (Yoshida et al., 2001) and sepiolite (Wilharm et al., 
2010; Green and Sambrook, 2012)] into the cell’s surface in the presence 
of plasmid DNA has been also reported to induce transformation of 
E. coli and a few other bacteria, termed the Yoshida effect (Yoshida et al., 
2001). Some of more macro-level mechanical stimuli, such as shaking 
with glass beads (Benov and Al-Ibraheem, 2002), flow and/or stretch on 
rigid surface (Sunuwar et al., 2020; Sirisaengtaksin et al., 2020), etc., 
have been also reported to affect membrane integrity and cell physi-
ology in E. coli cells, although their effects on HGT are still unknown. 

We recently revealed that horizontal plasmid transfer by trans-
formation occurs between E. coli cells in coculture under conditions that 
are feasible in the environment (Maeda et al., 2006; Ando et al., 2009; 

* Corresponding author. 
E-mail address: smaeda@cc.nara-wu.ac.jp (S. Maeda).  

Contents lists available at ScienceDirect 

Current Research in Microbial Sciences 

journal homepage: www.sciencedirect.com/journal/current-research-in-microbial-sciences 

https://doi.org/10.1016/j.crmicr.2022.100130    

mailto:smaeda@cc.nara-wu.ac.jp
www.sciencedirect.com/science/journal/26665174
https://www.sciencedirect.com/journal/current-research-in-microbial-sciences
https://doi.org/10.1016/j.crmicr.2022.100130
https://doi.org/10.1016/j.crmicr.2022.100130
https://doi.org/10.1016/j.crmicr.2022.100130
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crmicr.2022.100130&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Current Research in Microbial Sciences 3 (2022) 100130

2

Etchuuya et al., 2011; Matsumoto et al., 2016b; Sugiura et al., 2017; 
Hashimoto et al., 2019). We named this phenomenon cell-to-cell 
plasmid transformation (CTC-PT) (Etchuuya et al., 2011). CTC-PT is 
considered to result from coincidental DNA release from cells and DNA 
uptake by neighboring cells (Etchuuya et al., 2011; Sugiura et al., 2017; 
Hasegawa et al., 2018; Hashimoto et al., 2019). Therefore, CTC-PT tends 
to favor the conditions of high cell density, such as in an air–solid (AS) 
biofilm (Maeda et al., 2006; Ando et al., 2009; Hashimoto et al., 2019) 
formed on the interface between solid media and air. In E. coli, CTC-PT 
occurs spontaneously at a low frequency (Maeda et al., 2006; Ando et al., 
2009; Etchuuya et al., 2011); however, it can be significantly promoted 
in the presence of certain environmental factors, such as high temper-
atures (Hashimoto et al., 2019) and phages (Sugiura et al., 2017). Thus, 
we presume that there may be other environmental factors that can 
facilitate CTC-PT. 

This study aimed to investigate the CTC-PT-promotion effects of the 
addition of sub-MIC ampicillin (amp) to E. coli cultures and mild me-
chanical stimulation by rolling small glass balls on E. coli AS biofilms. 
Several parameters were experimentally tested and optimized, and the 
transformation mechanism was demonstrated. The possible significance 
as an environmental phenomenon is also discussed. 

2. Materials and methods 

2.1. E. coli strains and materials 

The E. coli strains and plasmids used in this study were previously 
described (Etchuuya et al., 2011; Matsumoto et al., 2016b; Hashimoto 
et al., 2019). Strains MG1655 (F− , λ− , rph-1), W3110 (F− , λ− , IN 
(rrnD-rrnE)1, rph-1), DH5 (F− , deoR, recA1, endA1, hsdR17(rK− , mK+), 
supE44, l− , thi-1, gyrA96, relA1), BW25113 (F− , rrnB, ΔlacZ4787, 
HsdR514, Δ(araBAD)567, Δ(rhaBAD)568, rph-1), and BW25113 ΔaraC:: 
kanr (a mutant strain of BW25113 in the Keio collection, ΔaraC::kanr on 
the chromosome) as well as the nonconjugative plasmids pHSG299 (a 
kanamycin [kan]-resistant cloning vector with a pMB1 origin of repli-
cation), pSY510 (a chloramphenicol [cam]-resistant, cloning vector 
with a p15A origin of replication), and pGBM1 (a streptomycin 
[str]-resistant medium-copy cloning vector containing the mutated 
pSC101 replicon) were obtained from the National BioResource Project 
E. coli Strain (National Institute of Genetics, Japan). Plasmid 
pHSG299-cam (camr) was a pHSG299 derivative that we previously 
constructed to replace kanr with camr. Plasmid pER24y-8ksm (accession 
no. AB905284) was a nonconjugative, str-resistant natural plasmid that 
we previously isolated from ECOR24 (Ochman and Selander, 1984), a 
natural E. coli strain. Amp, cam, and Luria–Bertani (LB) powder (Len-
nox) were obtained from Sigma (St. Louis, MO, USA), tryptic soy broth 
(TSB) from Becton Dickinson (Franklin Lakes, NJ, USA), 
phosphate-buffered saline (PBS) tablets from Takara Bio (Kyoto, Japan), 
and distilled water (DNase- and RNase-free, molecular biology grade) 
from Invitrogen (Carlsbad, CA, USA). Biodyne A nylon membrane filters 
(pore size: 0.45 µm) were obtained from Pall (Port Washington, NY, 
USA) and DNase I (bovine pancreas, grade II) from Roche (Basel, 
Switzerland). Twelve-well microplates (flat bottom, tissue-culture 
treated) and small balls of various materials were obtained from AS 
ONE Corp. (Osaka, Japan), including soda-lime glass balls (ø = 1, 3, 5, 
and 8 mm), alumina balls (ø = 3, 5, and 8 mm), polypropylene and nylon 

balls (ø = 5/16 inches [7.9 mm]), and stainless steel balls (ø = 1/4 
inches [6.4 mm]). Toothbrushes [Clinica Advantage, bristle material: 
polybutylene terephthalate (https://www.plastics-material.com/pbt/), 
bristle hardness: normal] were obtained from Lion Corporation (Tokyo, 
Japan). Agar powder (guaranteed reagent grade), kan, str, and other 
general reagents were obtained from FUJIFILM Wako Pure Chemical 
Corp. (Osaka, Japan). 

2.2. E. coli culture in the presence or absence of sub-MIC amp 

An AS biofilm culture of E. coli cells was performed as previously 
described (Maeda et al., 2006; Hashimoto et al., 2019), except that 
culture was performed in 12-well culture plates in the presence or 
absence of sub-MIC amp. The combination of DH5, pHSG299, and 
pSY510 was used as the standard system, unless special conditions are 
mentioned. Typically, two populations of the same strain harboring 
either pHSG299 or pSY510 were precultured separately in LB broth 
containing suitable antibiotics (kan: 75 µg/mL or cam: 100 µg/mL) at 37 
◦C for 6 h with shaking. The two strains were then suspended in fresh 
PBS, their turbidities were measured at an optical density of 600 nm 
(OD600) to estimate the number of cells, and they were mixed at a 1:1 
ratio (4 × 109 cells/mL each). For the AS biofilm culture, 20-µL aliquots 
(8 × 107 cells) were then spotted onto sterilized nylon membrane filter 
pieces (13 mm in diameter) placed on TSB agar (1.5% w/v) containing 
various concentrations of amp in the wells of 12-well culture plates and 
cultured at 37 ◦C for 16 h. For the experiment shown in Fig. 1-C, AS 
biofilm coculture was performed with BW25113 ΔaraC::kanr and DH5 
harboring any of pHSG299-cam, pSY510, pGBM1, or pER24y-8ksm, and 
two antibiotics (kan and either of cam or str) were used for transformant 
(BW25113 ΔaraC::kanr harboring any of these plasmids) selection. A 
liquid culture experiment (Fig. 1-E) was performed under similar con-
ditions, except that the two strains were cocultured in 600 µL liquid TSB 
medium containing sub-MIC amp with shaking at 600 rpm, and a lower 
concentration of amp (1 µg/mL for DH5) was used because of the higher 
sensitivity of liquid-cultured cells to amp. 

2.3. Mechanical stimuli using glass balls and others on horizontal plasmid 
transfer in E. coli as biofilm 

We used glass balls as mechanical stimuli to determine their effect on 
horizontal plasmid transfer in E. coli AS biofilm. The glass balls were 
washed once in detergent, rinsed three times in pure water, and steril-
ized by autoclaving. For the standard protocol, three sterilized glass 
balls (ø = 8 mm) were put onto AS biofilm formed on one of the wells of 
a 12-well culture plate. This plate was shaken at 1200 rpm on an MBR- 
022 microplate shaker (TAITEC, Tokyo, Japan) at 25 ◦C for 60 s. The 
cells were recovered with PBS, washed once with PBS, and resuspended 
in fresh LB broth, and a sample was obtained to measure the turbidity 
(OD600) to estimate the number of cells. The remaining cells were gently 
spread onto LB agar plates containing two antibiotics (kan: 75 µg/mL for 
pHSG299, cam: 100 µg/mL for pSY510 and pHSG299-cam, or str: 50 µg/ 
mL for pGBM1 and pER24y-8ksm) to select transformants that had ac-
quired additional antibiotic resistance. Mechanical stimulation using 
balls of other materials was also performed using the same method. 
When the hand-forced rolling of ø = 1 mm glass balls were performed in 
the experiment of Fig. 3-A, a piece of sterilized nylon membrane filter 
(13 mm in diameter) were placed on the glass balls, and the filter was 
reciprocally shaken (1 return/s) with a pair of sterilized tweezers put on 
the filter. In the experiment shown in Fig. 1-C, a step of gene expression 
for 60 min at 37 ◦C using SOC medium (Green and Sambrook, 2012) was 
added between cell recovery after mechanical stimulation and cell 
plating on LB agar to direct a sufficient expression of antibiotic-resistant 
genes from the newly introduced plasmids. In the experiment shown in 
Fig. 1-E, liquid-cultured cells (approximately 1.0 × 109 cells/500 µL) 
were put onto the nylon membrane placed on TSB agar in the wells of a 
12-well microplate and then stimulated with glass balls, as described 
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above. The plasmid transfer frequency was calculated as the ratio of the 
transformant number to the total cell number, which was deduced from 
the OD600 value of the cell suspension of each sample just prior to 
plating. Data in the Figures are presented as means and SD (*t-test, P  <
0.05, n = 3–50; ** t-test, P < 0.01, n = 3–50; *** t-test, P  < 0.005, n =
3–50). Plasmids were isolated and analyzed according to the conven-
tional protocols (Green and Sambrook, 2012) as previously described 
(Hashimoto et al., 2019). 

For mechanical stimulation using a toothbrush, the AS biofilm on the 
nylon membrane filter was gently brushed with a sterilized toothbrush 
by hand shaking for 30 s. The cells attached to the bristles of the 
toothbrush and cells in a well were recovered by rinsing them with fresh 
PBS and subsequent centrifugation of the cell suspension. The recovered 
cells were plated for transformant selection, as described above. 

2.4. DNase sensitivity test for plasmid transfer 

DNase sensitivity tests were performed by adding DNase I (1.8 µg/30 
µL) onto the AS biofilm at 6 or at 15 h after starting the culture. The 
other protocol was the same as that of other plasmid transfer 
experiments. 

3. Results 

3.1. Sub-MIC amp and mechanical stimulation with glass balls 
individually and cooperatively promote CTC-PT in E. coli 

We performed the pretests of CTC-PT under various conditions using 
sub-MIC amp and mechanical stimulation with glass balls. The resulting 
typical successful data are shown in Fig. 1-A. The results indicated that 
these two stimuli individually and cooperatively promoted CTC-PT in 
E. coli. In brief, two DH5 strains independently harboring pHSG299 
(kanr) or pSY510 (camr) were cocultured in the presence or absence of 
sub-MIC amp (2 µg/mL) as an AS biofilm on a nylon membrane placed 
on TSB agar in a well of a 12-well plate, as detailed in Section 2.2. In this 
experimental system, the two plasmids were compatible with each 
other, so the horizontal transfer of either one was expected to produce 
one kind of transformant (kanr and camr) harboring both plasmids. 
Consequently, the amp-treated AS biofilm culture resulted in a 1000- 
fold increase in transformation frequency compared with the equiva-
lent culture in the absence of amp. When the mechanical stimulus, 
which was rolling (1200 rpm) three glass balls (ø = 8 mm) for a short 
time (60 s), was solely applied to the amp-free AS biofilm, an approxi-
mately 400-fold increase in CTC-PT was observed. Moreover, the suc-
cessive treatments of sub-MIC amp during culture and mechanical 
stimulation after culture resulted in an approximately 50,000-fold in-
crease in CTC-PT compared with no treatment, indicating their coop-
erative effect. This promotion effect was also observed using four 
different E. coli strains (Fig. 1-B) and using four different plasmids with 
different replication origins, including a nonconjugative natural plasmid 
(Fig. 1-C). Plasmid isolation from the transformants confirmed the 
horizontal transfer of full-size plasmids (Fig. 1-D). Of note, CTC-PT 
frequency significantly decreased in sub-MIC amp-treated liquid cul-
ture compared with the equivalent AS biofilm culture (Fig. 1-E). Like-
wise, when mechanical stimulation was subsequently applied to the 
amp-treated liquid culture suspension itself (~1.0 × 109 cells/500 µL/ 
well; liquid-layer thickness ≈ 1.0–1.5 mm), the CTC-PT frequency was 
significantly lower than that of the AS biofilm (~1.0 × 109 cells/well; 
biofilm-layer thickness ≈ 0.5–0.8 mm) (Fig. 1-E). These results indicate 
the importance of biofilm formation in CTC-PT. Based on these results, 
we further examined various conditions that could affect this coopera-
tive effect. Hereafter, we call this cooperative-promoting effect caused 
by the double treatments “co-promotion”. 

3.2. Effect of amp concentrations on the co-promotion of CTC-PT 

We investigated the dose effect of sub-MIC amp on co-promotion 
(Fig. 2). Cell growth gradually increased at sub-MICs (<5.0 µg/mL) 
and almost became equivalent to that in the absence of amp when <1.5 
µg/mL. Significant co-promotion was observed over a wide range 
(0.5–4.0 µg/mL), with a gently-sloping peak at 2.25 µg/mL. As the 
promoting effect was observed even when amp was <1.5 µg/mL, which 
unaffected cell growth, it was suggested that this promoting effect 
involved a mechanism that did not depend on cell growth arrest. 

3.3. Effects of various conditions of mechanical stimulus with glass balls 
or by other methods on the co-promotion of CTC-PT 

We then examined the effects of various conditions of mechanical 
stimulus with glass balls on the co-promotion of CTC-PT (Fig. 3A–D, F). 
The ball sizes tested were 1, 3, 5, and 8 mm in diameter (Fig. 3-A). The 
number (180, 21, 8, and 3, respectively) of glass balls per well was 
adjusted so that their total projected area occupied approximately 40% 
of the base area of a well. Shaking with 5- and 8-mm balls resulted in the 
significant promotion of CTC-PT and was the highest with 8-mm balls. 
Visual observation revealed that the 1-mm balls did not roll at all and 
that the 8-mm balls rolled best among the sizes tested. The hand-forced 
rolling of 1-mm balls resulted in significant CTC-PT promotion. There-
fore, we considered that the degree of ball rolling is a critical determi-
nant of the promoting effect. Next, shaking at 600–2000 rpm resulted in 
the significant promotion of CTC-PT (Fig. 3-B). Shaking time for only 5 s 
resulted in the significant promotion of CTC-PT, and shaking between 
30 s and 10 min produced a constant high-level frequency of trans-
formation (Fig. 3-C). Shaking with different apparatus or by hand 
(Fig. 3-D), shaking using other ball materials (polypropylene, nylon, 
alumina, and stainless steel) (Fig. 3-E), and shaking without the nylon 
membrane beneath the biofilm (Fig. 3-F) also resulted in significant 
CTC-PT promotion. Among other mechanical stimuli besides ball roll-
ing, the brushing of biofilm cells with a toothbrush significantly pro-
moted CTC-PT (Fig. 3-G). Collectively, our results showed that the co- 
promotion of CTC-PT was permissive with various conditions of me-
chanical stimuli, indicating conditional flexibility of this phenomenon. 
Our results also suggested that the direct pressing or rubbing of cell 
aggregates between two solid materials is critical for CTC-PT promotion. 

3.4. Demonstration of transformation mechanism in this experimental 
system 

Based on our results above, we hypothesized that CTC-PT promotion 
by the double treatments occurs in two steps: 1) plasmid DNA leakage 
and uptake in biofilm cultures due to the action of sub-MIC amp on the 
cells and 2) plasmid DNA leakage and uptake induced by the mechanical 
stimulation of the cells dosed with sub-MIC amp. Since transformation 
requires extracellular naked DNA, we investigated the sensitivity of 
CTC-PT to DNase (Fig. 3-H). When DNase was added to the cells at 6 h of 
amp-treated culture but no mechanical stimulation was performed, the 
CTC-PT frequency significantly decreased (by 98%) compared with the 
DNase-free control. This result corresponded to step 1 of our hypothesis. 
When DNase was added to the cells at 15 h of amp-treated culture and 
then mechanical stimulus was performed, the CTC-PT frequency was 
also significantly decreased (by 90%) compared with the DNase-free 
control. This result corresponds to step 2 of our hypothesis. Collec-
tively, these findings indicate that both steps 1 and 2 are DNase- 
sensitive, thereby confirming that the transformation mechanism is 
the major mechanism involved in both steps. 

S. Kasagaki et al.                                                                                                                                                                                                                               



Current Research in Microbial Sciences 3 (2022) 100130

4

(caption on next page) 

S. Kasagaki et al.                                                                                                                                                                                                                               



Current Research in Microbial Sciences 3 (2022) 100130

5

Fig. 2. Effect of amp concentrations on the co-promotion of CTC-PT. The upper graph indicates MIC (5.0 µg/mL) and sub-MIC region (0.25–4.0 µg/mL) in this 
experiment. X-axis of the upper graph is identical to that of the lower graph. The lower graph shows the effects of various concentrations of amp on CTC-PT. Y-axis of 
the lower graph is shown in log scale. 

Fig. 1. (Panel A) Sub-MIC amp and the mechanical stimulus of rolling three glass balls individually and cooperatively promote CTC-PT in E. coli. Two DH5 strains 
independently harboring pHSG299 or pSY510 were cocultured in the presence (+) or absence (− ) of sub-MIC amp (2 or 0 µg/mL, respectively) as an AS biofilm in the 
wells of a 12-well plate. Then, the mechanical stimulus (MS; − or +) of rolling three glass balls (ø = 8 mm) for 60 s by shaking (1200 rpm) was applied to the AS 
biofilm, as detailed in Section 2.2 and 2.3. (Panel B) Comparison of the effects of sub-MIC amp (Amp: − or +) and mechanical stimulus (MS: − or +) on four E. coli 
strains: DH5 (D), BW25113 (B), W3110 (W), and MG1655 (M). Each E. coli strain was cultured as a coculture that independently harbored pHSG299 or pSY510 and 
then stimulated with glass balls. Amp concentrations suitable for each strain (D: 2, B: 3, W: 1, and M: 4 µg/mL) were adjusted based on the pretest data. (Panel C) 
Comparison of four plasmids: pHSG299-cam with a pMB1 origin of replication (Hc), pSY510 with a p15A origin of replication (S), pGBM1 with a pSC101 origin of 
replication (G), and a nonconjugative natural plasmid, pER24y-8ksm (E). The plasmid donor was strain DH5 harboring any of the four plasmids, and the plasmid 
recipient was BW25113 ΔaraC::kanr. They were cocultured with or without sub-MIC amp (Amp: − or +), subsequently mechanically stimulated or not (MS: − or +), 
and then plated onto an agar medium for the selection of plasmid-acquired BW25113 ΔaraC::kanr. (Panel D) Agarose gel (0.8%) electrophoresis of the plasmids 
isolated from the transformants and cut using BamHI for all plasmids, except pER24y-8ksm where HindIII was used. Lane M, size marker; H, pHSG299 (2676 bp); S, 
pSY510 (3940 bp); HS, plasmids isolated from control DH5 cells that were artificially transformed with both plasmids; D(HS), plasmids isolated from a DH5 
transformant produced in a CTC-PT experiment; B(HS), plasmids isolated from a BW25113 transformant produced in a CTC-PT experiment; Hc, pHSG299-cam (2631 
bp); G, pGBM1 (4028 bp); and E, pER24y-8ksm (8531 bp). Lanes Bk(Hc), Bk(S), Bk(G), and Bk(E) are plasmids isolated from BW25113 ΔaraC::kanr (Bk) trans-
formants, with each plasmid produced in CTC-PT experiments. (Panel E) Comparison between the data of AS biofilm of strain DH5 (bars B) cultured with amp 2 µg/ 
mL and those of liquid culture (bars L) cultured with amp 1 µg/mL treated with or without mechanical stimulus (MS: + or − ). Liquid culture and mechanical 
stimulation of these cells were conducted as described in Section 2.2 and 2.3. Y-axes of all bar graphs (A, B, C, and E) are shown in log scale. 
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4. Discussion 

This study demonstrated, for the first time, the cooperative- 
promoting effect of the combination of sub-MIC amp and mechanical 
stimuli with glass balls on horizontal plasmid transfer by transformation 
between E. coli cells. Regarding the effect of sub-MIC antibiotics alone, 
Wu et al. (2020) reported the promoting effect of sub-MIC antibiotics on 
E. coli transformation, but this did not include amp. Furthermore, their 
study was conducted under artificial conditions using 
chemically-induced competent cells and purified plasmids. Our study is 
noteworthy for its use of cells cultured without any other popular 
competence-inducing treatments and for demonstrating CTC-PT without 
adding purified plasmids. This situation is closer to natural conditions 
that are feasible in the environment. Environmental bacterial cells can 
encounter sub-MIC antibiotics from environmental actinomycetes 
(Waksman and Woodruff, 1941; Barka et al., 2016) or from antibiotic 
use in farms (Lander et al., 2012; World Health Organization, 2014a; ter 
Kuile et al., 2016; Lima et al., 2020; Zalewska et al., 2021; Koch et al., 
2021; Mann et al., 2021) and medical situations (Laxminarayan et al., 
2013; World Health Organization, 2014b; Zhang et al., 2020). An 
exemplary and feasible example of both sub-MIC antibiotics and me-
chanical stimuli occurs in the peristaltic internal organs of antibiotic-fed 
farm animals or in the feces excreted and stamped on by these animals. 
Alternatively, based on the results obtained using a toothbrush 
(Fig. 3-G), brushing biofilms exposed to diluted antibiotics [e.g., 
brushing dental plaque (Marsh, 2004) in antibiotic-dosed humans or 
brushing biofilms on the surfaces of sinks and toilet bowls in 
antibiotic-consuming environments like hospitals (Lindsay and von 
Holy, 2006)] may provide mechanical stimuli in the presence of 
sub-MICs to bacterial cells in biofilms. Considering the conditional 
flexibility of this phenomenon (Figs. 2 and 3), CTC-PT between bacterial 
cells induced by both stimuli could occur in certain environmental set-
tings outside the laboratory. 

Regarding the mechanism of CTC-PT by a co-promotion effect of sub- 
MIC amp and mechanical stimuli in this study, these two stimuli can 
individually and cooperatively disturb the cell surface structures of 
E. coli cells. These changes loosen the sealed structures of cell surface 
membranes, subsequently resulting in the promotion of intercellular 
plasmid mobilization. Regarding mechanical stress promoting E. coli 
transformation, the Yoshida effect (Yoshida et al., 2001), which occurs 
due to the mechanical penetration of mineral nano-needles into cell 
membranes, is known (Wilharm et al., 2010; Green and Sambrook, 
2012). Recently, gold or silver nanoparticles have also been reported to 
promote E. coli transformation (Kumari et al., 2017; Nagamani et al., 
2019). However, these two effects are unlikely to be involved in the 
phenomenon presented in our current study because balls and a tooth-
brush, which showed transformation-promoting effects in our study, are 
composed of various materials and are not known to possess such 
specialized nanoscale structures on their surfaces. We hypothesize that 
not material-specific surface structures but rather some types of simple 
physical force (pressure, tension, friction, or their combination) on the 
cells could be involved in this effect. Of note, a CTC-PT promotion was 
also observed when applying another physical stimulus, high tempera-
ture (Hashimoto et al., 2019). In addition to the above effects supposed, 
other effects, such as increased cell-to-cell interaction by mixing cell 
aggregate, etc. may also contribute to the promotion of CTC-PT. 

Further investigations will be required to elucidate some unsolved 
points on the mechanism and the universality of co-promotion of CTC- 
PT, such as the effects of various experimental factors (other antibi-
otics, other physical or biochemical factors, the ratio of donor and 
recipient cells, etc.), the molecular-level sequences and the participating 
molecules driving plasmid DNA release and uptake, the effects on other 
bacteria, etc. Some of these investigations are underway. 

In conclusion, this study demonstrated, for the first time, the 
cooperative-promoting effect of the combination of sub-MIC amp and 
mechanical stimuli on horizontal plasmid transfer by transformation 
between E. coli cells. Considering its permissive inducing conditions and 
relatively high frequency, this phenomenon may naturally occur. 
Further studies of this phenomenon hold promise for possible de-
velopments in bacterial physiology on HGT. 
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