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Abstract

Background: The emergence of antibiotic-resistant microorganisms has been largely associated with drug misuse,
drug abuse, and indiscriminate disposal of drugs; however, the interactions between some environmental factors and
antibiotic resistance by microorganisms have been understudied. In this study, the effects of sound and electromag-
netic field on the growth and antibiotic susceptibility of selected microorganisms to antibiotics were investigated.

Results: Microorganisms used include Gluconobacter oxydans ATCC 19,357, Rhodobacter sphaeroides ATCC 17,023,
Citrobacter freundii ATCC 33,128, Yersina pestis ATCC 11,953, Bacillus subtilis 6633, Acetobacter aceti ATCC 15,973, Escheri-
chia coli ATCC 25,922, Pseudomonas aeuriginosa ATCC 9027, Streptococcus pyogenes ATCC 19,613, Klebsiella pneumonia
ATCC 25,955, Staphylococcus aureus ATCC 25,923 and Serratia marcescens ATCC 14,766. The antibiotics used were: Cip-
rofloxacin 5 ug, Imipenem 10 pg, Ampicillin 10 pg, Ceftazidime 30 pg and Tetracycline 30 ug for Gram-negative bac-
teria while Pefloxacin 10 ug, Gentamycin 10 pg, Amplicillin 4 Cloxacillin 30 ug, Cefuroxime 20 pg, Amoxacillin 30 ug,
Ceftriaxone 25 ug, Ciprofloxacin 10 pg, Streptomycin 30 pg, Co-trimoxazole 30 pg, and Erythromycin 10 ug for Gram-
positive bacteria, respectively. Acoustic treatment had varying effects on the antibiotics susceptibility profile of all test
bacterial culture. Before exposure, P aeruginosa had the highest zone of inhibition of 34 4 3.4 mm, while B. subtilis had
least inhibition zone of 12 4 2.8. After exposure to acoustic treatment at 5000 Hz/90 dB at 72 h, C. freundii had highest
zone of inhibition of 32£0.7 mm and the least zone of 114 1.4 mm observed in P aeruginosa. At 1125 Hz/80 dB after
72 h, R. sphaeroides had highest zone of 34+ 0.7 mm while A. aceti had least zone of inhibition of 1040 mm. Effect of
electromagnetic flux treatment of 15 min showed E. coli to be the most inhibited having a growth rate of 0.08 log cfu/
mL, antibiotics testing showed G. oxydans to have the highest zone of inhibition of 28 3.5 mm and least zone was
observed in B. subtilis having a zone of 13£2.8 mm.

Conclusion: This study showed that environmental factor such as sound and electromagnetic flux (EMF) could inter-

fere with the physiology of bacteria including resistance/susceptibility to antibiotics. However, further investigation
will be needed to understand full mechanisms of action of sound and electromagnetic field on bacteria.
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Background

Several biophysical factors such as sound, electromag-
: : . netic radiation and electric current resulting from natu-
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(Moura et al. 2010; Movahedi et al. 2019). Audible sound
has a wide distribution in natural world and nearly all
life forms are surrounded by different kinds of sound
and they also interact with these sounds and these have
reportedly increase over the years (Sarvaiya and Kothari
2015; Kumar et al. 2018; Vitkauskaite and Grubliaus-
kas 2018). Sound waves can create a mechanical stress
to organisms exposed to them, and detection of such
physical stress is a mechanism common to mounting a
response against a broad range of environmental stresses.
The possibility of the mechanical stress created by sound
to trigger the expression of stress response genes in the
organism exposed to such stress as also been reported
(Walley and Dehesh 2010; Robinson et al. 2021).

In recent times, the misuse and abuse of antibiotics in
therapy have thrown up facts of antibiotic susceptibility
and resistance, respectively, with a correlation between
them (Crofts et al. 2017; Li et al. 2020). Furthermore, the
mechanisms of antibiotic activity on bacterial cells as
well as cellular resistance to antibiotics are still subjects
of active and intense scientific research (Abushaheena et
al. 2020; Li et al. 2020). However, the biophysical fac-
tors that may affect antibiotic efficacy on microorganism
have been underexplored and with the increasing human
population and anthropogenic activities accompanied by
gradual increase in the volume of sound waves and elec-
tromagnetic flux in our environment (Kumar et al. 2018;
Vitkauskaite and Grubliauskas 2018; Movahedi et al
2019; Robinson et al. 2021), these factors can have a great
physiological effects on microbial growth and response
to antibiotics, hence the need to properly investigate
this phenomenon. In this study we report the effect of
sound of different frequencies and decibels, and electro-
magnetic radiation on growth and antibiotic susceptibil-
ity of some selected Gram-positive and Gram-negative
bacteria. This physiological study of bacterial response
to sound waves and electromagnetic flux with respect to
antibiotic susceptibility can shed more light on the inter-
action between biophysics and antibiotic efficacy and can
also form a base-line physiological fact on the influence
of gradually increasing sound pollution as well as electro-
magnetic flux proliferation on the emergence and persis-
tence of antibiotics resistance.

Methods

Microorganism

Microorganisms used in this study were Gluconobacter-
oxydans ATCC 19,357, Rhodobacter sphaeroides ATCC
17,023, Citrobacter freundii ATCC 33,128, Yersina pestis
ATCC 11,953, Bacillus subtilis ATCC 6633, Acetobacter
aceti ATCC 15,973, Escherichia coli ATCC 25,922, Pseu-
domonas aeuriginosa ATCC 9027, Streptococcus pyo-
genes ATCC 19,613, Klebsiella pneumonia ATCC 25,955,
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Staphylococcus aureus ATCC 25,923 and Serratia marce-
scens ATCC 14,766. The organisms were purchased from
the American Type Culture Collection (ATCC), and they
were stored at 4 °C on Nutrient Agar (Oxoid Uk) slants
and sub-cultured fortnightly.

Antibiotics susceptibility test pattern

Antibiotic susceptibility of the organisms was performed
by using eighteen to twenty four (18—22) hours old bac-
terial cultures using different antibiotics discs for both
Gram-positive and Gram-negative organisms according
to the Kirby-Bauer technique as described by Baker et al.
(1980). The antibiotics used were: Ciprofloxacin 5 ug,
Imipenem 10 pg, Ampicillin 10 pg, Ceftazidime 30 pg
and Tetracycline 30 pg for Gram-negative bacteria while
Pefloxacin 10 pg, Gentamycin 10 pg, Amplicillin 4 Cloxa-
cillin 30 pg, Cefuroxime 20 pg, Amoxacillin 30 pg, Cef-
triaxone 25 pg, Ciprofloxacin 10 pg, Streptomycin 30 pg,
Co-trimoxazole 30 pg, and Erythromycin 10 pg for
Gram-positive bacteria, respectively. The discs were pur-
chased from Oxoid chemicals (UK). The diameters of the
inhibition or stimulation zone were measured after 24 h,
48 h and 72 h, respectively.

Effect of sound of different frequencies on growth

and antibiotic sensitivity pattern

Exposure of the different organisms to different acous-
tic treatment was done in an anechoic chamber con-
structed locally as described by Guet al. (2010) using
polyurethane foam of density 1 g/cm® wood and cotton
fabric material in a cylindrical shape. The dimensions of
the cylinder were 15 inches height, 12 inches diameter
and had a rectangular orifice of dimension 5.6 inches by
6 inches plate 1. Each of the test organism was inocu-
lated into sterile nutrient broth and incubated for 24 h,
48 h and 72 h, respectively, and thereafter exposed to
acoustic treatment (produced using a Bluetooth speaker
which was remotely powered and placed directly above
the inoculated nutrient broth-containing the test organ-
isms) at different exposure time ranging between 24
and 72 h, frequencies and decibel of 5000 Hz/90 dB and
1125 Hz/80 dB and growth observed on Jenway Spectro-
photometer at 540 nm. Sample without sound treatment
served as control group. Incubation was done at 37 £1 °C
and growth was also checked on spectrophotometer after
24-72 h incubation duration (Guet al. 2010). Antibi-
otic susceptibility pattern was done before and after the
acoustic exposure experiment as described earlier.

Effect of electromagnetic field on growth and antibiotic
susceptibility pattern

To investigate the effect of electromagnetic on the growth
and antibiotic susceptibility pattern of the different
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Plate 1 Schematic and Pictorial Representation of the Anechoic chamber used in this study

microorganism, actively growing bacterial cultures were
inoculated into sterile nutrient broth and incubated at 37
C for 24 h and these were then exposed to low electro-
magnetic field as described by Garuba et al. (2020). The
tubes of the bacteria to be exposed were placed in the
middle of the coil by using supports to get a homogenous
and higher magnetic field strength in which the ends
of the solenoid were connected to variac fed from the
mains (220 V). The magnetic field intensity was meas-
ured by means of hand held Gauss/Tesla meter, as the
result proved its homogeneity among all the volume and
was within £ 5% at the ends. Equal volumes of the bacte-
rial culture were exposed for 15 min at their mid-to-late
exponential phase (maximum rate of active growth) to
the electromagnetic field at an intensity of (5 mT), after
exposure the growth rate was measured in a spectro-
photometer and compared with the control (Mona et al.
2013).

Statistical analysis

Results obtained in this study were subjected to analy-
sis of variance using ANOVA, and separation of means
was carried out by Duncan’s multiple range test (Duncan
1955).

Results

Twelve bacteria were subjected to two different acoustic
treatments (5000 Hz/90 dB and 1125 Hz/80 dB) for dura-
tion of 24-72 h after which growth and antibiotic suscep-
tibility pattern of each of the isolate measured. The results
showed that all the bacteria culture at 5000 Hz/90 dB
had an increase growth (p <0.05) as compared with con-
trol except E. coli, K. pneumoniae and B. subtilis which

decreased at 72 h acoustic exposure (Fig. 1). Similarly,
exposure to sound of 1125 Hz/80 dB for 72 h had var-
ied effects on the growth of all the organisms investigated
except for S. marcescens and A. aceti which had a decline
after 72 h exposure (Fig. 2).

Results of the antibiotics susceptibility pattern
after the cultures were exposed to sound treatment
at 5000 Hz/90 dB and 1125 Hz/80 dB is presented in
Tables 1, 2, 3 and 4. The results revealed that the exposure
of S. marcescens to acoustic treatment at 5000 Hz/90 dB
showed increased resistance (p <0.05) to Ciprofloxacin at
24 h (30 mm) and at 72 h (31 mm) and maintained its
resistance profile to tetracycline and Ampicillin through-
out the exposure duration. P. aeruginosa became suscep-
tible to Ampicillin after 72 h (11 mm) having an initial
resistance profile and treatment to Tetracycline showed
resistance. G. oxydans which was initially susceptible
became resistant to Ceftazidime after 24 h exposure
while A. aceti became resistant to Ampicillin after expo-
sure to treatment; B. subtilis showed increased suscep-
tibility to Ampicillin after 24 h (27 mm) at p<0.05 and
then became resistant after 48 and 72 h exposure, respec-
tively, as shown in Tables 1 and 2. Similarly, an acous-
tic treatment of 1125 Hz/80 dB, R. sphaeroides showed
increased susceptibility at 72 h (28 mm) (at p<0.05) to
Ceftazidime and also to Imipenem (34 mm), respec-
tively. A. aceti which had an initial susceptibility profile
(16 mm) became resistant to Ampicillin at 48 h and 72 h
exposure treatment, exposure of S. aureus to acoustic
treatment showed increased resistance to Pefloxacin,
Gentamycin, Ampicillin, Amoxacillin, Streptomycin all
through the exposure duration, respectively, as shown in
Tables 3 and 4.
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Fig. 1 Growth rate of selected Gram-negative (a) and Gram-positive bacteri
with unexposed control

B S. marcescens ATCC14756
M P.aeruginosa ATCC9027
u G. oxydans ATCC19357
M R.sphaeroides ATCC17023
m C.freundiiATCC33128
Y.pestis ATCC11953
A.acetiATCC15973
E.coli ATCC25922
K.pneumoniae ATCC25955

H B.subtilis ATCC6633
M S.pyogenes ATCC19613
S.aureus ATCC25923

72hrs 72hrs
unexposed exposed

a (b) after exposure to acoustic treatment at 5000 Hz/90 dB compared

Exposure of the test organisms to electromagnetic
flux of 5 mT for 15 min was carried out and the growth
alongside antibiotic susceptibility pattern investigated.
The results presented in Tables 5 and 6 and Fig. 3
showed that Y. pestis, K. pneumonia and A. aceti had
an increased growth (p <0.05) rate compared to control
while other test bacteria had a decrease in growth com-
pared to the control (Tables 5 and 6).

Electromagnetic exposure was also found to have var-
ying effects on the antibiotic susceptibility pattern of
the organisms under investigation. Exposure of G. oxy-
dans showed an increase susceptibility to Tetracycline
(18 mm), Y. pestis also showed an increase in suscep-
tibility to Ceftazidime (19 mm) after electromagnetic
treatment. B. subtilis became resistant to Ampicillin
and S. aureus became resistant to Gentamycin, Ampi-
cillin, Cefuroxime and Amoxacillin, respectively. S. pyo-
genes was observed to have an increase susceptibility to
Pefloxacin (20 mm), Gentamycin (17 mm), Ampicillin
(13 mm), Ceftriaxone (19 mm), Ciprofloxacin (23 mm),
Streptomycin (23 mm), Cotrimoxazole (24 mm) and
Erythromycin (24 mm), respectively, as shown in
Table 5 and 6.

Discussion

In natural world, nearly all life forms are surrounded by
different kinds of sound and electromagnetic fields from
different sources (Danet 2005,) and there are few reports
documenting the interactions between microorganisms,
sound and electromagnetic fields (Gu et al. 2016; Mova-
hedi et al. 2019; Robinson et al. 2021). However, the data
provided by literature is not adequate in elucidating the
physiological response to interactions between biologi-
cal systems and these physical factors (that either occurs
naturally or as a result of anthropogenic activities) (Guet
al. 2010; Said-Salman et al. 2019). Furthermore, the use
of physical signals such as sound waves, by the microor-
ganisms for their intercellular communication has not
received due attention (Chandra et al. 2018).

In this study, effect of low electromagnetic field and
acoustic sound on the growth and antibiotics suscepti-
bility pattern of twelve bacteria were investigated and
some organisms were observed to respond to sound
stimulation with a positive effect on growth, whereas
sound waves had an inhibitory effect on the growth
of some other microorganisms. This suggests that the
action of sound on microbial growth showed obvious
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Fig. 2 Growth rate of selected Gram-negative (a) and Gram-positive bacteria (b) after exposure to acoustic treatment at 1125 Hz/80 dB compared

frequency peculiarities. This peculiarity has been previ-
ously reported by Kothari et al. (2018). Similarly, Sou-
vik et al. (2018) investigated the effect of three types of
sound frequencies between 20 Hz and 20 kHz on the
growth and the antibiotic susceptibility pattern of E.
coli. The results indicated that E. coli growth increased
when exposed to sound frequency below 1 kHz (432 Hz)
while at frequencies above 1 kHz, a poor growth was

recorded. The altered growth rate observed has been
suggested to be due to an altered movement of key
molecules across the cell membrane of the organism as
sound has been reported to increase membrane perme-
ability in some microorganisms (Sarvaiya and Kothari
2015). The increased growth observed could be as a
result of an adaptive response of the test bacteria to the
sound exposure having an influence on microbial growth
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Table 1 Antibiotics susceptibility profile for selected Gram-negative bacteria as read in mean diameter of zones of inhibition (mm)
after exposure to acoustic treatment at 5000 Hz/90 dB compared with control

Bacteria CAZ CIP TET IMP AMP
S.marcescens ATCC14756 a) 26+ 14* a) 28+28 a) R a) 26+14 a) R
b) 17+0 b) 30+£0.7 b) R b) 19£2.1 b) R
c 25+14 C) 28+2.1 R ) 24+14 o R
d) 26+14 d) 31+14 d) R d) 254+0.7 d) R
P aeruginosa ATCC9027 a) 2614 a) 34£35 a) R a) 26+14 a) R
b) 23+£0.7 b) 29+14 b) R b) 28+£2.1 b) R
c) 2014 ) 21+£07 o R c) 24+07 o R
d) 2240 d) 22435 d) R d) 29+14 d) 11+14
G. oxydans ATCC19357 a) 27+28 a) 26+0.7 a) R a) 26+14 a) 23+0.7
b) R b) 27+£35 b) 17£28 b) 27+£2.8 b) 28+0.7
c) 29+14 0 21£21 ) 12+£07 C) 24+28 o) 14+£21
d) 19449 d) 214+0.7 d) R d) 284+0.7 d) R
R. sphaeroides ATCC17023 a) 24+£0.7 a) 24+£07 a) R a) R a) R
b) 160 b) 15+£0 b) R b) 19£0.7 b) R
o R ) 2021 c) 25+£07 ) 21£07 o R
d) 14457 d) 18+2.1 d) R d) 23457 d) R
C. freundii ATCC33128 a) 14£07 a) 26£0.7 a) 2540 a) 29442 a) 3021
b) 31+64 b) 22+57 b) 12+28 b) 30+£0.7 b) 21+9.2
c) 1642 ) 1621 ) 15£21 C) 28+£2.1 o R
d) 14421 d) 19+7.1 d) 20+2.1 d) 324+07 d) R
Y. pestis ATCC11953 a) 1314 a) 25+0 a) R a) 23+14 a) 15+£0
b) 13£2.1 b) 20+£0.7 b) R b) 1857 b) R
) 15£07 c) 22+07 o R ) 24+14 c) 13£07
d) 13£+14 d) 21£07 d) R d) 25+0 d) 21421
K. pneumoniae ATCC25923 a) 26t+14 a) 31+£2.1 a) R a) 22+28 a) 24+0.7
b) 26 £0 b) 2014 b) 16127 b) R b) 2114
) 26t14 C) 23435 c) 17442 c) 25+49 c) 14+64
d) 28457 d) 18+14 d) R d) 31+14 d) R
A. aceti ATCC15973 a) 19442 a) 214+99 a) 13+42 a) 17£14 a) 1642
b) 21£2.8 b) 19+£14 b) 15£9.2 b) 30£24 b) R
c) 23428 c) 19+0 c) 13+14 c) 26+0.7 o R
d) 27+14 d) 214+28 d) 17407 d) 2840 d)R
E. coli ATCC25922 a) 29+14 a) 22+14 a) 19£0 a) 33+£42 a) 26+14
b) 20+14 b) 21+£0.7 b) R b) 30+0.7 b) R
o R c) 18435 c) 14+78 c) 30+2.1 o R
d) 15+14 d) 244+0.7 d) R d) 29+14 d) R

a) Control b) 24 h ¢) 48 hd) 72 h R—Resistance CAZ—Ceftazidime CIP—Ciprofloxacin
TET—Tetracycline IMP—Imipenem AMP—Ampicillin *Data are mean of replicate 4 Standard deviation

due to increase in membrane permeability while reduced
growth observed could be as a result of mechanical
stress created by the sound exposure after a long dura-
tion which could trigger the stress response of the bac-
teria hence resulting in the death of the organisms (Shah
et al. 2016; Sarvaiya and Kothari, 2017; Kothari et al.
2018). This is because sound waves have been reported to
travel through any medium giving rise to sonic vibrations
which are thought to be sensed by the test microbial pop-
ulation through mechanosensory receptors (which act as
safety valves against osmotic shock, and in higher organ-
isms they participate in sensing touch and sound waves)
(Kung et al. 2010; Ward et al. 2014; Shah et al. 2016).
The microbial population may then modulate its behav-
iour in accordance to the magnitude and duration of the

sonic vibration by generating appropriate physiological
responses (Martinac 2012) such as opening of mecha-
nosenstive ion channels which in turn affects movement
of certain key ions across the cell membrane, ultimately
resulting in an altered pattern of growth and metabolism
(Vitkauskaite and Grubliauskas 2018). Antibiotic suscep-
tibility pattern of the bacteria investigate in this study was
also found to vary considerably with some of the becom-
ing more susceptible while other became resistant as pre-
viously reported (Sarvaiya and Kothari 2017; Souvik et al.
2018). The altered antibiotic pattern of antibiotic sensi-
tivity by the test organisms has been suggested to result
from an altered transport (increased uptake) of the anti-
biotic used through the cell membrane via the mechano-
sensitive channel which responds to mechanical stress by
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Table 3 Antibiotics susceptibility profile for selected Gram-negative bacteria as read in mean diameter of zones of inhibition (mm)
after exposure to acoustic treatment at 1125 Hz/80 dB compared with control

Bacteria Exposure CAZ CciP TET IMP AMP
S.marcescens ATCC14756 a) Control 2614 28+28 R 2614 R

b) 24 h 23+14 214+14 R 29+14 R

c) 48h 23+0 29428 R 32+14 R

d) 72h 20£9.2 25407 12+2.1 26+5.7 19+4.2
P aeruginosa a) Control a) 2614 a) 34435 a) R a) 26+238 a) R
ATCC9027 b) 24 h b) 20+£9.2 b) 23+35 b) R b) 177+£42 b) R

c) 48h C) 26+2.1 ) 2240 ) 27428 o R o R

d) 72h d) 30+£0.7 d) 27+14 d) R d) 314+49 d) R
G. oxydans a) Control a) 27+28 a) 2607 a) R a) 2614 a) 23+0.7
ATCC19357 b) 24 h b) 20+0 b) 17+£2.1 b) R b) 24+£35 b) R

C) 48h 0 14+£21 o) 19+14 C) 26+28 o R c) 18£0

d) 72h d) R d) 22407 d) R d) 18+134 d) R
R. sphaeroides a) Control a) 24+£0.7 a) 24+£0.7 a) R a) R a) R
ATCC17023 b) 24h b) 19+£0.7 b) 23+0 b) R b) 23£35 b) R

c) 48h Q) 24+14 C) 24+£35 c) 28407 o R o R

d) 72h d) 28+0.7 d) 23435 d) R d) 344+07 d) R
C. freundii a) Control a) 14£0.7 a) 26£0.7 a) 25+0 a) 29+42 a) 30£2.1
ATCC33128 b) 24h b) 14+0 b) 244+0.7 b) R b) 254+0.7 b) R

c) 48h ) 20£7.1 ) 31£21 c) 12£07 o R OR

d) 72h d) 30+0 d) 30+14 d) 11+14 d) 30+0 d) R
Y. pestis a) Control a) 1314 a) 23+0 a) R a) 23+14 a) 15+0
ATCC11953 b) 24 h b) 23+0.7 b) 22+2.1 b) R b) 20+£49 b) 14+2.1

C) 48h c) 1840 c) 20£0.7 o R c) 26£07 c) 15£07

d) 72h d) 16+28 d) 18428 d) R d) 23+0.7 d) 17+14
K. pneumoniae a) Control a) 2614 a) 31+£2.1 a) R a) 22+28 a) 24+07
ATCC25955 b) 24 h b) 2714 b) 21£14 b) R b) 30+0.7 b) R

c) 48h c) 26+£0.7 c) 23+0.7 c) 25+5.7 o R o R

d) 72h d) 26+28 d) 25+35 d) R d) 31+0.7 d) R
A.aceti a) Control a) 19442 a) 214+99 a) 13142 a) 17+14 a) 1642
ATCC15973 b) 24 h b) 260 b) 19421 b) R b) 34£7.1 b) 13£14

C) 48h c) 14442 c) 28449 C) 214141 C) 22428 o R

d) 72h d) 19407 d) 20+0 d) 1040 d) 27+14 d R
E. coli a) Control a) 29+14 a) 22+14 a) 19£0 a) 33+£4.2 a) 26t+14
ATCC25922 b) 24 h b) 14+14 b) 20+£0.7 b) R b) 20+0 b) R

c) 48h c 17+07 Q) 21+14 c) 20+4.2 o R o R

d) 72h d) 18+14 d) 21+07 d) R d) 27+14 d) R

a) —Control b) —24 h ¢) —48 h d) —72 h R—Resistance CAZ—Ceftazidime CIP—Ciprofloxacin TET—Tetracycline IMP—Imipenem AMP—Ampicillin *Data are mean

of replicate +S.D

changing its conformation between an open and closed
state and this response is dependent on the frequency
of sound, type of microorganism and exposure duration
(Sarvaiya and Kothari 2017).

Non-ionising, non-thermal, extremely low frequency
and electromagnetic fields (ELF-EMF) have been
reported to produce a number of biological effects during
their interaction with biological systems (Belyaev et al.
2011; Nguyen et al. 2015; Taheri et al. 2017a; Movahedi
et al. 2019). In this study, there exists a decrease in growth
rate after exposure to electromagnetic field of 5mT. This
observation is in accordance with Inhan-Garipet al
(2011) who carried an experiment on three Gram-neg-
ative and three Gram-positive bacteria and observed a
decrease in growth of all test cultures after exposure to
electromagnetic flux. This reduced cell growth observed
could be a result of increased level of reactive oxygen

species prompted by exposure to electromagnetic field
which may have affected macromolecular synthesis and
caused protein injury, ultimately leading to a decrease in
bacterial growth rate as suggested by Souvik et al. (2018)

After exposure to electromagnetic field, some of the
bacteria were found to developed resistance to antibi-
otics they were previously susceptible to while some
became more susceptible. Chiefly among the several
factors affecting antimicrobial susceptibility are the
physical properties of the magnetic field, such as fre-
quency, duration of radiation, the structure of the
bacterial cell wall and the nature of the peptidoglycan
properties in the cell wall of the Gram-positive and
Gram-negative bacteria (specifically with changes in
the bacterial cell wall protein as suggested by Taheri
et al. (2017a) and Said-Salman et al. (2019). Mecha-
nisms of acquired susceptibility or acquired resistance
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Table 5 Antibiotics susceptibility profile of selected Gram-negative bacteria as read in mean diameter of zones of inhibition (mm)
after treatment to electromagnetic flux at 5mT intensity compared with control

Bacteria culture CAZ CiP TET IMP AMP

S.marcescens ATCC14756 a) 26+14 a)28+28 a)R a)26t14 a)R
b) 15+0.1 b) 29+0.1 b) R b)21+28 b) R

P aeruginosa ATCC9027 a)26+14 a)34£35 a)R a)26+£2.8 a) R
b) 160 b) 26+85 b) R b) 260 b) R

G. oxydans ATCC19357 a)27+28 a)26+0.7 a)R a)26+£14 a)23+£0.7
b)18+14 b) 23+35 b)18+14 b) 28+3.5 b) R

R. sphaeroides ATCC17023 a) 24407 a) 24407 a)R a)R a)R
b) R b)24+0 b) R b)30+0.7 b) R

C. freundii ATCC33128 a)14+0.7 a)26+£0.7 a)25+0 a)29+4.2 a)30+2.1
b) R b)24+0.7 b) R b) R b) R

Y. pestis ATCC11953 a)R a) 2540 a)R a)23+14 a)15+0
b)19+14 b)19+14 b) R b)21+£14 b) R

K. pneumoniae ATCC25955 a)26+14 a)31+2.1 a)R a)224+28 a) 24407
b) 20+0 b)19+14 b) R b)23+14 b) R

A. aceti ATCC15973 a)9+42 a) 21499 a)13+42 )17+14 a)16+£4.2
b) R b)16+0.7 b) R b)23+28 b) 18+0.7

E. coli ATCC25922 a)29+14 a)22+14 a)19+0 a)33+42 a)26t14
b) R b)18+0.7 b) 14+£2.1 b) R b) R

a) —Control b) —15 min R—Resistance CAZ—Ceftazidime CIP—Ciprofloxacin TET—Tetracycline IMP—Imipenem AMP—Ampicillin *Data are mean of

replicate + Standard deviation

Table 6 Antibiotics susceptibility profile for selected Gram-positive bacteria as read in

mean diameter of zones of inhibition (mm)

after treatment to electromagnetic flux at 15 mT intensity compared with control

Bacteria PEF CN APX 4 AM R CPX S SXT E

B. subtilis ATCC6633 a)14+£14 a)16£14 a)12£28 a)12+14 a)12+£14 a)16£21 a)l a)204+28 a)12+14 a)14£28
b)17+£35 b)12+21 b)R b)134+£07 b)13+28 b)19+0.7 b)21:|:14 b)22:|:28 b)20+£49 b)21+0.7

S.pyogenes ATCC19613 a) 14+28 a)16+21 a)12+£21 a)14+14 a)16+14 a)l 8:i:42 a)18 a)18 a)18+14 a)12+21
b)20£28 b)17+21 b)13+£14 b)14£14 b)16+21 b)19 b)23i . b)23i1.4 b)24+£0 b)24+2.1

S. aureus ATCC25923 a)12+14 a)14£14 )12+£28 )R a) 16 k2.1 )16:|:1.4 a)20+14 a)18x14 a)14£28 a)14+14
b)16+6.7 b)R b) R b) R b) R b)18+35 b)20+0 b)18+28 b)14+0 b)17+42

a) —Control b) —24 h ¢)

—48 h d) —72 h R—Resistance PEF—Pefloxacin, CN—Gentamycin, APX—Ampicillin 4 Cloxacillin, Z—Cefuroxime, AM—Amoxacillin, R—

Ceftriaxone, CPX—Ciprofloxacin, S—Streptomycin, SXT—Cotrimoxazole, E—Erythromycin

(after exposure to EMF) are reported to be largely due
to the importance of the membrane potential of the
bacterial cell wall, these waves can have an effect on
the antibiotic susceptibility (Torgomyan et al. 2011).
Furthermore, increased antibiotic susceptibility may be
due to the interaction of electromagnetic fields on the
water molecules in the cell. An increase in the perme-
ability of the bacteria which might make the ion chan-
nels to be kept open in the bacterial wall, efflux pumps
and ion channels in the cell wall, could also be play-
ing an important role in the absorption of antibiotics.
Interaction between the electromagnetic waves and the
molecules of the antibiotics (such interaction affecting
the Hydrophilicity or hydrophobicity of the antibiotic,
antibiotic activity and antibiotic molecule size) thereby
altering the charge distribution on antibiotics molecule
has also been reported to affect the transportation

of antibiotics across the cell membrane (Taheri et al.
2017b).

So far, the process of antibiotic resistance (with accel-
erated increase through various anthropogenic activities)
seems to proceed unabated. Results of this study can fur-
ther help in understanding the various mechanisms of
antibiotic resistance thereby adding valuable angles in the
development of effective antibiotic therapy for treatment
of infectious diseases. Based on findings in this work, the
roles of mechanosensitive channels present on bacterial
membranes with respect to permissively or selectively
admitting antibiotic molecules crossing the membrane
barriers can be further studied. The effects of electro-
magnetic flux and sound waves demonstrated in this
study could be incorporated in the evaluation of mecha-
nosensitive channels as pharmacological targets for novel
antibiotics design. It has recently been identified that the
antibiotic streptomycin can act as an unlocking agent of
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large mechanosensitive channels in bacteria, as the drug
uses the channels as a route of entry into the cytoplasm
(Blount and Iscla 2020). Further research has also iden-
tified the potential promiscuity of mechanosensitive
channels in some species in allowing access to multiple
antibiotics into the cytoplasm depending on the size and
vibrational effect (Wray et al. 2019).

Earlier reports have identified bacteria to possess
potentials to respond specifically to vibrational pat-
terns that induce ionic flow and electrical charges on the
membrane which most likely are unique to each species
(Norris and Hyland 1997). It was shown that sound-
induced extracellular vibrations could be detected as
unique acoustic signals that influence intracellular vibra-
tions linked to the movements of intracellular organelles
like molecular motors, cytoskeletons, and chromosomal
package in a specific pattern (Reguera 2011). Electromag-
netic flux has also been identified as particularly impor-
tant in modulating microbial metabolism in a method
that can be detrimental or beneficial to cellular prolif-
eration depending on the specifics of the flux frequency
and intensity (Beretta et al. 2019). Specific examples

with respect to Pseudomonas and Enterobacter spe-
cies showed that zero magnetic fields induced antibiotic
resistance in these bacteria in a magnetosensitive pattern
(Creanga et al. 2004). This clearly means that understand-
ing of the exact electromagnetic and sound frequencies
that control membrane mechanosensation and intra-
cellular vibrations can be utilised in species-specific
microbial responses to sound and electromagnetic flux.
To consolidate on the effects of sound, there have been
practical observations of acoustic frequencies emitted by
a B. subtilis strain detected at a range of 8-43 kHz (Mat-
suhashi et al. 1998), while a lower range of 0.9-1.6 kHz
was observed for Saccharomyces cerevisiae cells (Pelling
et al. 2004). Apart from cellular vibrational patterns, it
is understood that sound waves are propagated by mere
vibration of particles within a medium (Reguera 2011),
this therefore means that there can also be distinct sound
patterns as observed within certain microbial ecological
environments. These sound patterns could also be fur-
ther studied as signals and frequencies and built upon to
determine the specific responses of such bacteria to mod-
ulated sounds; a process that can be harnessed in design-
ing therapeutics targeting sound-sensitivity in bacteria.
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With the exposition of this knowledge, it could then
be easier to design adjuvants or small sized frequency
specific agonists that can be used to complement the
existing antibacterial drugs in a synergistic fashion
against target bacteria, especially drug resistant phe-
notypes. Data generated in this work can also poten-
tially enrich aspects of sonobiology and sonogenetics
for further studies of microbial membrane and intra-
cellular behaviour. Studies involving recently applied
biomolecular ultrasound techniques have elucidated
species-specific acoustic modulation of bacterial
membranes and intramolecular materials for higher
resolution imaging and characterisation of intracel-
lular activities (Maresca et al. 2018). Results from this
work could be further expounded upon to provide a
basis for deeper experimentation on variable species
behaviour for improvement into direct sonar scanning
and imaging of bacteria in the future.

Industrially, the information from this study can be
useful for strain improvement of microorganisms for
enhanced production of desired microbial metabo-
lites where applicable. This current study can also be
applied in advancing the techniques of sonoporation
in bacteria, as a combined application of electromag-
netic pulses and sound can be specifically made to tar-
get viable cells. Pores formed on the cells can be sites
of DNA entry in transformation experiments, as well
as points for seepage of viable intracellular metabolites
of molecules (Song et al. 2007). These data could also
be a basis for design of more effective sonobiorecators
(Chisti 2003) and electrobioreactors (Mohtasham et al.
2016) for bioprocess optimisation. Ultimately this new
research area should open a new frontier for multidis-
ciplinary work at the interfaces of molecular biology,
biochemistry and biophysics especially bioacoustics
and sonobiology.

Despite the proper evaluations of potential applica-
tion of the data in this study, it is important to note
that, specific experiments linking measured cell mem-
brane mechanosensation in line with the permissive-
ness to antibiotics as well as growth patterns were not
fully elucidated here. We however, have extrapolated
potential reasons explaining the behaviour of the bac-
terial cells under the influence of sound vibrations and
electromagnetic flux. In line with this it is therefore
necessary to further investigate mechanosensory biol-
ogy, along with transcriptome and/or metabolomic
profiling of sound and low electromagnetic stimulated
cultures using different microorganisms in other to
provide meaningful understanding in the area of cell-
sound and cell-EMF interactions.
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Conclusions

In this study, it has been shown that physical factors
such as sound and electromagnetic flux (EMF) that
abound in the environment interfere with the physi-
ology of bacteria either by enhancing or inhibiting its
growth as well as its response to antibiotics. This fur-
ther point to the fact these factors can affect biomass
accumulation and synthesis of intracellular molecules
via a range of pathways, and that certain frequencies
and amplitudes may favour some microbial species over
others. This work also identifies the need for deeper
investigations into the biomechanistic approaches
microbial cells utilise in balancing membrane mecha-
nosensitivity under the influence of sound and elec-
tromagnetic frequencies. The desired frequencies that
could be applied in modulating cellular activities posi-
tively or negatively for applications in more efficient
antimicrobial therapies and bioproduction processes
are a major point of reference going forward.
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