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ARTICLE INFO ABSTRACT
Editor: Karina Gin Inhibition of plasmid transfer, including transformation and conjugation, is essential to prevent the spread of
plasmid-encoded antimicrobial resistance. Photosensitizers have been successfully used in the treatment of
Keywords: serious infectious diseases, however, the effects of photosensitizers on the plasmid transfer are still elusive. In this

Antibiotic resistance genes

study, we determined the transformation and conjugation efficiency of plasmid pUC19 and pRP4, respectively,
Horizontal gene transfer

Transformation wh.en e.:xposed to a photose.nsitizer (Visible Light—activ:?ted Rose Bengal,.VLRB). The results showed that the
Conjugation activation of VLRB resulted in up to a 580-fold decrease in the transformation frequency of pUC19 and a 10-fold
Photosensitizer decrease in the conjugation frequency of pRP4 compared with the non-VLRB control. The inhibition of pUC19
transformation by VLRB exhibited a dose-dependent manner and was attributed to the changes in the plasmid
conformation. The inhibition of pRP4 conjugation was associated with the generation of extracellular free
radicals, induced oxidative stress, suppression of the mating pair formation gene (trbBp) and DNA transfer and
replication gene (trfAp), and enhanced expression of the global regulatory genes (korA, korB, and trbA). These
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findings highlight the potential of visible light-activated photosensitizer for mitigating the dissemination of
plasmid-encoded antibiotic resistance genes.

1. Introduction

The rapid emergence and spread of antibiotic resistance in pathogens
are endangering the efficacy of antibiotics, significantly challenging the
treatment of bacterial infections worldwide. Antibiotic resistance can be
acquired by mutations or by horizontal gene transfer (HGT), which is the
driving mechanism for the shuttling and spreading of antibiotic resis-
tance genes (ARGs) among different microorganisms via mobile genetic
elements (MGEs), exacerbating the pandemic and propagation of ARGs.
The main mechanisms of HGT for ARGs include transformation (uptake
of extracellular DNA), conjugation (mediated by integrative conjugative
elements and plasmids), and transduction (mediated by bacteriophages)
[1]. Studies have revealed that HGT events of ARGs are prevalent, and
numerous contaminants, e.g., antibiotics, nanomaterials, heavy metals,
and a wide range of chemicals, can significantly facilitate the horizontal
transfer of ARGs in different ecological niches [2-6]. The development of
methods to prevent HGT is pivotal for tackling the growing global threat
of antibiotic resistance.

Several compounds are conjugation- or transformation-related in-
hibitors in vitro, e.g., relaxase inhibitors, pilus blockers, 2-Alkynoic fatty
acids, and other nonspecific inhibitors [7,8]. These compounds can be
employed to specifically target the plasmid horizontal transfer ma-
chinery including the cell membranes of both donor and recipient
strains, the bacterial oxidative stress-response systems, the expression of
transfer-related genes, and the nucleic acid (both the DNA structure and
composition). The synthetic 2-alkynoic fatty acids were found to act on
the donor cell, e.g., Escherichia, Salmonella, Pseudomonas, and Acineto-
bacter spp., inhibiting the transfer of IncW, 1inW, and IncH plasmids [8].
The synthetic fatty acid 2-hexadecynoic acid (2-HDA), having the ability
to block the plasmid secretion machinery, when used as a food supple-
ment in freshwater microcosms or mouse systems, the conjugation ef-
ficiency of model plasmids was reduced 10-fold or 50-fold, respectively
[9]. However, the spectrum of synthetic compounds that blocks hori-
zontal gene transfer to inhibit the spread of antibiotic resistance genes in
the environment is still limited and their potential side effect remains
undetermined. Still, there is a need for new agents which can efficiently
counteract ARGs transfer.

Photosensitizers are a group of chemical agents including porphyrin,
bacteriochlorin derivatives, and phthalocyanines, which can be excited
to a long-lived triplet state, and react with molecular oxygen upon
activation via light with specific wavelengths to generate reactive
singlet oxygen [10]. The photodynamic process refers to the formation
of free radicals by electron transfer reactions, followed by the produc-
tion of reactive oxygen species (ROS) including the superoxide ions
(03), hydroxyl radicals (¢OH), and hydrogen peroxide (H205) in Type-I
electron transfer reactions, and production of singlet oxygen (10) in
Type-II reactions [11,12]. Based on their molecular photocatalytic
properties, photosensitizers have been widely applied in the treatment
of cancer and some other diseases [13-17]. Photosensitizers, light, and
oxygen are three essential components of photodynamic therapy (PDT).
Several recent studies have demonstrated that photosensitizers such as
phenothiazines, acridines, phthalocyanines chlorins, and porphyrins can
be used as an effective therapy to treat a broad spectrum of infectious
microorganisms owing to their antimicrobial activities originating from
cytotoxic ROS production [18-20]. The oxidative molecules can damage
microbial macromolecules such as lipids, proteins, and nucleic acids,
resulting in bacterial cell death [21]. Due to their major advantages of
antimicrobial phototherapy, e.g., a broad spectrum of action, no resis-
tance, non-invasive and low-cost modality, photosensitizers have been
used as a satisfactory alternative for the elimination and inactivation of
antibiotic resistant bacteria (ARB), such as methicillin-resistant

Staphylococcus aureus (MRSA) [22,23], multi-drug resistance Pseudo-
monas aeruginosa [24] and vancomycin-resistant Enterococcus faecium
[25]. Accordingly, the antimicrobial PDT can be applied in the treat-
ment of skin and soft tissue infections caused by MRSA [26], cystic
fibrosis pulmonary infections caused by P. aeruginosa [27], and noso-
comial infections caused by E. faecium [28]. However, the knowledge of
the effects of photosensitizers on the horizontal transfer of ARGs and the
underlying mechanisms remain elusive. In this study, we evaluated the
frequency of transformation mediated by ampicillin resistant plasmid
pUC19 and conjugation mediated by multidrug resistant plasmid pRP4
under the exposure to different concentrations and various
light-activation durations of a photosensitizer (Visible Light-activated
Rose Bengal, VLRB). Additionally, we explored the potential mecha-
nisms of VLRB for the inhibition of horizontal transfer of ARGs by
determining the variations in the extracellular plasmid DNA structure,
cell membrane permeability, bacterial antioxidant enzyme activities,
and mRNA expression levels of conjugative transfer genes. The results
will provide data for the development of methods to prevent and control
the spread of antimicrobial resistance.

2. Materials and methods

2.1. Photosensitizer, plasmids, competent cells, donor cells, and recipient
cells

The visible light-activated photosensitizer (VLRB) was synthesized
using Rose Bengal (RB), from Shanghai Aladdin Bio-Chem Technology
Co., Ltd according to a previous study [29]. Rose Bengal is an anionic
xanthene dye, a derivative of fluorescein. The intrinsic cytotoxicity of RB
against tumor and microbial cells accounts for its therapeutic potential,
and thus RB has been widely used as a photosensitizer in photodynamic
therapy [30,31]. All the chemical reagents were analytical grade, and
the deionized water was used to prepare the working solution of VLRB.
The visible light system was supported by a 10 W power white LED
(DP-1054, Duration Power, China), 4000-4500 K color temperature at
an irradiation distance of 12 cm, and the light density was measured in
pmol m~2 s! by Quantum sensors (Apogee MQ-510, America). Plasmid
pUC19, which confers ampicillin (Amp) resistance, and plasmid pRP4,
which carries genes encoding resistance to kanamycin sulfate (Kan),
Amp, and tetracycline (Tet), were used to analyze the changes in
extracellular plasmid DNA structure after VLRB treatment. In addition,
the effects of VLRB on transformation efficiency were determined using
Escherichia coli DH50 competent cells (Takara, Japan) and plasmid
pUC19. Conjugation experiments were performed using the donor strain
Escherichia coli HB101 carrying the plasmid pRP4 and the recipient
strain Escherichia coli K12. The recipient E. coli K12 is intrinsically
resistant to rifampicin (Rif). Staphylococcus aureus RN4220 was applied
to study the antibacterial effects of VLRB on Gram-positive bacteria.
E. coli HB101 (RP4) (in 50 mg/L of Tet), E. coli K12 (in 100 mg/L of Rif),
and S. aureus RN4220 were cultured separately overnight at 37 °C in
Luria-Bertani  (LB) broth  with corresponding antibiotics.
Mid-logarithmic growth-phase bacterial cells were collected by centri-
fugation at 6,200 g for 2 min at 25 °C and the resulting cell pellets were
washed twice and resuspended with 10 mM sterile phosphate buffer
solution (PBS). The concentrations of all strains were adjusted to 10°
colony-forming units per milliliter (CFU/mL) and 10° CFU/mL using
sterile PBS, respectively.

2.2. Photodynamic inactivation of bacterial cells

S. aureus RN4220 (10° CFU/mL and 10° CFU/mL), E. coli K12 (10°
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CFU/mL and 10° CFU/mL), and E. coli HB101 (RP4) (10° CFU/mL and
10° CFU/mL) were used for the evaluation of photodynamic inactivation
of bacterial cells by VLRB. For each strain, 4 mL of bacterial suspension
and 40 pL VLRB at a final concentration of 10 pg/mL were mixed in the
12-well black cell culture plates, followed by incubation at 37 °C for 50
min in the dark, after which the mixtures were irradiated with a 280
pmol m~2 s~ led for 20 min. Bacterial viability was measured by CFU
counting on LB agar with selective antibiotics after incubation at 37 °C
for 24 h, and the antibacterial activity was calculated according to for-
mula 1. Each experiment was performed in triplicate.

colony count without treatment — colony count with treatment

mortality = -
o colony count without treatment

x 100%
(€8]

2.3. Morphology and transformation of plasmid

Plasmid pUC19 or pRP4 with a final concentration of 10 ng/pL was
incubated with different concentrations (0, 0.01, 0.1, 1, 5, 10, 25, 50,
100, and 200 pg/mL) of VLRB, and the mixtures were irradiated under a
280 pmol m 2 s7! led with different exposure times (0, 10, 20, and
30 min). Plasmid fragmentation was checked by agarose gel electro-
phoresis. The treated plasmids were purified with AMPure XP beads
(Beckman Coulter, USA) to remove VLRB. The concentration of the
purified plasmids was analyzed by ultraviolet spectrophotometry
(NanoDrop Lite, ThermoFisher Scientific, US). Purified pUC19 (1 ng)
and 100 pL of E. coli DH5a competent cells (Takara, Japan) were used
for transformation experiments according to the instruction. The
resulting cell suspensions from the transformation experiments were
plated on LB plates with 100 mg/L ampicillin and incubated at 37 °C for
24 h. The transformation efficiency was calculated according to formula
2. Each experiment was performed in triplicate.

transformant CFU

100% 2
ug pUCIo 0% 2

transformation efficiency =

2.4. Conjugation assays

Equivalent donors and recipients (2 mL, 10° CFU/mL) were mixed in
12-well black cell plates, and VLRB was immediately added with
different final concentrations (0, 1, 10, 25, and 50 pg/mL). All treat-
ments were incubated at 37 °C for 50 min in the dark and then irradiated
with a 280 pmol m~2 57! led for 30 min. Subsequently, mating experi-
ments were incubated at 25 °C for 8 h. Transconjugants were counted on
LB agar plates containing 50 mg/L Tet and 100 mg/L Rif after 24 h in-
cubation at 37 °C. The conjugation frequency was calculated using
formula 3. Each experiment was performed in triplicate.

transconjugant concentration

conjugation x 100% 3)

efficiency = — -
rectptem‘ concentration

To verify whether the transconjugants carried the pRP4, trans-
conjugants were randomly selected, purified, and then cultured in LB
broth with 50 mg/L Tet and 100 mg/L Rif overnight. Genomic DNA and
plasmids were extracted using the TTANamp Bacteria DNA Kit (Tiangen,
China) and TIANprep Mini Plasmid Kit (Tiangen, China), respectively.
The pRP4-specific traG genes in the extracted plasmid DNA and 16S
rRNA gene (16S rRNA-universal) were amplified using PCR. The primers
of target genes were listed in Table S1. Each 50 pL PCR reaction con-
tained 25 pL of Master Mix (Thermo Fisher Scientific, USA), 2 pL of
forward and reverse primers (10 pM), 1 pL of DNA template, and 22 pL
of sterile ddH»O. The thermal cycle was an initial enzyme activation at
95 °C for 5 min, followed by 30 cycles of denaturation at 95 °C for 30 s,
annealing at 55 °C for 30 s, extension at 72 °C for 30 s, and a final
extension at 72 °C for 10 min. The presence of plasmid and 16S rRNA
gene was detected using 1% agarose gel electrophoresis and then sent
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for sequencing.

2.5. Cell membrane permeability evaluated by flow cytometry and
transmission electron microscopy (TEM)

Overnight cultures of E. coli K12 or E. coli HB101 (RP4) (4 mL, 10°
CFU/mL) were transferred to 12-well black cell plates, VLRB was
immediately added at different final concentrations (0, 1, 10, 25, and
50 pg/mL). All treatments were incubated at 37 °C in the dark for
50 min followed by light activation with a 280 pmol m~2 s™! led for
30 min. Subsequently, the membrane permeability of E. coli K12 and
E. coli HB101 (RP4) was evaluated by flow cytometry (S3e Cell Sorter,
Bio-rad, US), respectively. Bacterial viability was measured by a LIVE/
DEAD BacLight Bacterial Viability Kit (L7012, ThermoFisher Scientific,
US) according to the protocol. Briefly, bacterial cells were diluted to
approximately 10° CFU/mL using PBS and stained with propidium io-
dide (PI, 20 mM) or Syto9 (3.34 mM). The boiled cells at 100 °C for
15 min were used as the PI-positive control. After incubation for 15 min
in the dark, the stained samples were analyzed by flow cytometry
equipped with an excitation wavelength of 488 nm, green fluorescence
light (FL-1) (510-540 nm), and red fluorescence light (FL-3)
(602-627 nm). All the data were analyzed by Flowjo (version 10) ac-
cording to previous studies [2,6].

The integrity of cell membranes was evaluated by transmission
electron microscopy (TEM) according to previous studies [32,33].
Briefly, bacterial cells were centrifuged, washed, and fixed using 2.5%
glutaraldehyde for 2 h. Then, the fixed bacterial cells were rinsed twice
with 0.1 M PBS for 10 min, fixed using 0.5% osmic acid for 1 h, dehy-
drated through a graded series of ethanol (70% ethanol, 10 min; 95%
ethanol, 10 min; 100% ethanol, 2 x 10 min), and rinsed with acetone.
Samples were subsequently embedded using an Epon 812 substitute, cut
on a Leica EM UC7 ultramicrotome, transferred to a 200-mesh copper
EM finder grid, and then stained with uranyl acetate. Finally, bacterial
cells were examined by a Hitachi H-7650 TEM.

2.6. Bacterial antioxidant enzyme activities

In addition to the VLRB-treated and untreated E. coli K12 and E. coli
HB101 (RP4) solutions that were used in the cell membrane perme-
ability measurement experiments, an additional 1 mL bacterial cells
were collected for bacterial antioxidant enzyme activity measurements.
The cell disruption was conducted by sonication using 10-s bursts with
20-s cooling intervals for a total of 4 cycles at 200 W [3]. The cellular
debris was removed by centrifugation at 10,000 g for 10 min at 4 °C.
The supernatant was immediately applied for the enzyme activity as-
says. Protein concentration was measured by using a BCA protein assay
kit (SK3051, Shanghai Sangon Biological Engineering Technology &
Services, China). The activities of catalase (CAT) and superoxide dis-
mutase (SOD) were assessed using the kits from Nanjing Jiancheng
Institute of Biological Engineering (Nanjing, China) according to the
manufacturer’s instructions.

2.7. The expression level of conjugative transfer genes

Bacterial RNA was extracted from the cell pellets by using the TRIzol
Reagent (Invitrogen, US) according to the manufacturer’s instruction.
RNA was transcribed to cDNA by reverse transcription polymerase chain
reaction (RT-PCR) with a reverse transcription kit (Invitrogen, USA).
Real-time PCR was carried out by using SYBR Green I (Takara, Japanese)
on a Roche 480 system (LightCycler480Il, Germany). Conjugation-
related genes of pRP4 including trfAp (DNA-transfer-and-replication
system), trbBp (mating pair formation system), and the genes korA, korB,
and trbA (global regulatory system) [3] were qualified with the 16S
rRNA gene (16S rRNA-qPCR) as a reference gene. The primer sequences
of target genes were listed in Table S1. Real-time PCR was performed in
a 20 pL qPCR mixture consisting of 10 uL 2 x LightCycler 480 SYBR
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Green I Master, 0.2 uL bovine serum albumin (20 mg/L), 0.8 uL each
primer (10 pM), 2 pL template DNA and 6.2 pL nuclease-free PCR-grade
water. The reaction conditions were set as follows: an initial denatur-
ation at 95 °C for 5 min, a PCR step of 40 cycles of 95 °C for 30 s, 60 °C
for 30s, and 72 °C for 30 s (signal was collected at the 31 s), and a
dissociation stage of 95 °C for 15 s, 60 °C for 1 min, and 95 °C for 15 s

2.8. Statistical analysis

Each experiment was conducted in triplicate. Data were presented as
the mean with standard deviation in the figures. All statistical analysis
was performed using SPSS Statistic 26 (SPSS, US). Significant differences
were assessed using the One-Way analysis of variation (ANOVA), a value
of P < 0.05 was considered significant.

3. Results

3.1. Structural changes of plasmid and the effects of VLBR on bacterial
cell viability

The agarose gel electrophoretic patterns of the VLRB-treated and
-untreated plasmids (pUC19 and pRP4) were analyzed to evaluate the
effects of VLRB on the structure of plasmid DNA. Bands with different
lengths (ranging from 2.0 kb to 4.0 kb) (Form II) and smear bands of
pUC19 and pRP4 were observed in VLRB treatment other than the
supercoiled plasmid DNA (Form I) (Figs. S1 and S2a). The recovery rate
of treated pRP4 by the AMPure XP beads decreased with increased VLRB
concentrations compared to non-VLRB control (Fig. S2b). VLRB treat-
ment did not exhibit a fatal effect on E. coli K12 or E. coli HB101 (RP4) at
a cell density of 1.0 x 10° CFU/mL, while 10 pg/mL VLRB was sufficient
to kill S. aureus RN4220 within 20 min at a light density of 280 pmol
m 25! (Table S4).

3.2. Decreases in the transformation efficiency

The transformation efficiency of untreated pUC19 was 5.58 x 108
CFU/pg pUC19, which significantly decreased with increased VLRB
concentrations and exposure durations (p < 0.05), with a maximum of
580-fold decrease after 5 pg/mL VLRB treatment for 20 min (Fig. 1 and
Table S3).

3.3. VLRB treatment inhibits the conjugative transfer of pRP4

To evaluate the effects of VLRB treatment on conjugation, we used
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E. coli HB101 with the conjugative plasmid pPR4 as the donor and E. coli
K12 as the recipient in the conjugation model. Before the conjugation
process, the cells were exposed to VLRB at concentrations from O to
50 pg/mL, incubated under a dark environment for 50 min, then irra-
diated with visible light for 30 min. The conjugation frequency of pRP4
significantly decreased (p < 0.05) with the increased concentrations of
VLRB (Fig. 2), with a maximum of 11-fold decrease from 4.05 x 107> to
4.40 x 10™* in 50 pg/mL VLRB treatment (Fig. 2). The plasmid DNA
extracted from the transconjugants showed the same size as that of pRP4
extracted from the donors (Fig. S3a), and the amplifications of the traG
gene of pRP4 were all positive from the randomly picked trans-
conjugants (Fig. S3b). The sequences of full-length 16S rRNA further
showed that the transconjugants were E. coli K12.

3.4. Variations in the integrity of cell membranes

The effects of different concentrations of VLRB on the membrane
permeability of E. coli HB101 (RP4) and E. coli K12 were shown in Fig. 3
and Fig. S4. Generally, under VLRB treatment, the fluorescence intensity
of PI increased in both strains, indicating elevated cell membrane
permeability. A significant increase in the percentage of PI-positive cells

>

(&]

$ 0.0005 [ q d

5 I

g I

£ 0.0004 |

, -

%

@ 0.0003 F

g G

© 00002} !

=

‘g b

2 o.0001F I 5
=) I
o 00000 1 I 1 1 1
oo 0 1 10 25 50

Concentration of VLRB (ug/mL)

Fig. 2. Effects of VLRB on the conjugative transfer frequency of pRP4 at
different concentrations (0, 1, 10, 25, and 50 pg/mL) under visible light irra-
diation (at power tensity of 280 pmol m~2 s~!, 30 min).

(b) ~
2 7.00E+08 |-
3 :
S 6.00E+08 - L I I
= 1 T
B 5.00E+08 -
o)
.E 4.00E+08
S
% 3.00E+08 |
[ =
S
% 2.00E+08 -
£
£ 1.00E+08
% \\ v !
= 0.00E+00 — L : - : -
0 5 10 15 20 25 30
Time (min)
—8— 0 (ug/mL) —@— 5(ug/mL) —— 25 (ug/mL)
—y— 1 (ug/mL) 10 (ug/mL) —<— 50 (ug/mL)

Fig. 1. Changes in the transformation efficiency of pUC19 when exposed to different concentrations (0, 0.01, 0.1, 1, 5, 10, 25, and 50 pg/mL) and different treatment

times (0, 10, 20, and 30 min) of VLRB.



Y.-Z. Wang et al. Journal of Hazardous Materials 461 (2024) 132564

(@) i E. coli K12
* (=3 = =3
: A AN - 2
o o o
s 4 4 4 4
= ' o e i
T T T T I
% 10’5 S (u_D.I 8 104 g
w w w
S i @©B & I o 3 im o S Tz 3 & Ioa 3
@ 00 0 @ )07 0 2 0622 0 @ l0is 0 @ 0]0.083 0
oot =2 a3 L o T T2 o5 4 oot e s @ o ot 2 3 L 0 Tt 2 3
10 10 10° 10° 10 10 10 10° 10° 10 10 10 10° 10 10° 10 10 10° 10° 10° 10 10 10° 10° 10°
FL3-HEIGHT :: FL3-HEIGHT FL3-HEIGHT :: FL3-HEIGHT FL3-HEIGHT :: FL3-HEIGHT FL3-HEIGHT :: FL3-HEIGHT FL3-HEIGHT :: FL3-HEIGHT
0 pg/mL 1 ug/mL 10 pg/mL 25 pg/mL 50 pg/mL
(b) E. coliHB101 (RP4)
%8 5 5 B %
w : ] o o bt b ‘
T T T 3 T
o 5] 1%} o )
7] [7] 17} 1] »n
£ £ £ £ £
% " (u__': } (u_.': % o ]
T = = z z
B w0 §s ® @ §be0 @ @ §8s0 @ 2 " a0 50083 2 w §8100 50083
[ T T (2] T T [ T T 0 T T 1] T T
100 10! 102 10 10 100 10! 102 108 10t 100 10! 102 0% 10 100 10! 102 0% 10 100 10! 102 0% 10
FL3-HEIGHT :: FL3-HEIGHT FL3-HEIGHT :: FL3-HEIGHT FL3-HEIGHT :: FL3-HEIGHT FL3-HEIGHT :: FL3-HEIGHT FL3-HEIGHT :: FL3-HEIGHT
0 pg/mL 1 pg/mL 10 pg/mL 25 pg/mL 50 pg/mL
25 pg/mL
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and 30 min of light. Different letters indicate significant differences at the P < 0.05 level (ANOVA).

was observed when bacterial cells were exposed to > 10 ug/mL VLRB E. coli K12 and E. coli HB101 (RP4) were intact with smooth and clear
(P < 0.01) (Fig. 3 and Fig. S4). Furthermore, bacterial cell morphology cell borders (Fig. 3c). However, the bacterial cell membranes were
by TEM revealed that without VLRB treatment, the cell membranes of partially damaged, and noticeable protrusions were observed with the
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addition of VLRB, even pored cell membranes appeared following high-
concentration VLRB treatment.

3.5. Effects of VLRB on bacterial oxidative stress-response systems

The oxidative stress-response systems of bacteria were affected when
treated with VLRB at different concentrations. Notably, the activity of
SOD of E. coli K12 was significantly increased when treated with a high
concentration of VLRB (50 pg/mL) (P < 0.05); while there was no sig-
nificant variation of E. coli HB101 (RP4) under the treatment of VLRB
(Fig. 4a). The CAT activity of E. coli K12 significantly increased with
VLRB concentrations (P < 0.05), whereas a significant difference was
not observed in E. coli HB101 (RP4) after VLRB treatment (Fig. 4b).

3.6. Expression level of conjugation-related genes

The broad-host-range plasmid pRP4 is a typical IncP a-type plasmid,
and its conjugative transfer ability depends on the expression of conju-
gation genes and corresponding regulatory genes. The expression level
of Dtr genes trfAp and trbBp significantly decreased with the increasing
VLRB concentrations (Figs. 5a and 5b), suggesting that VLRB treatment
could inhibit the formation of mating pairs and the replication of pPR4.
Meanwhile, in comparison with the control, the expression levels of the
global regulator genes korA, korB and trbA increased by 9.38-fold, 7.30-
fold and 11.94-fold, respectively, when the cultures were exposed to
1 pg/mL VLRB (Fig. 5c¢). These results confirmed that the repressed
expression of trfAp and trbBp resulted in the deduction of pRP4 conju-
gation efficiency.

4. Discussion

The global spread of ARGs has led to the failure of antibiotic therapy,
and consequently prolonged hospitalization and increased mortality of
patients [34]. Plasmid-mediated gene transfer is one of the major drivers
for the transmission of ARGs among microorganisms. Photosensitizer
has been adopted in the treatment of non-neoplastic disease, various
cancer types [35,36], and bacterial infections [37-39]. Based on the
established transformation and conjugation models, our results
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indicated that the photosensitizer (VLRB) could suppress the
plasmid-encoded ARG transfer by inhibiting transformation and conju-
gation, and thus has the potential to mitigate the dissemination of ARGs
in the environments. We collected multiple pieces of evidence, including
changes in plasmid conformation, cell membrane permeability, antiox-
idant enzyme activities, and transcriptional responses to elucidate the
underlying mechanisms.

Transformation occurs when competent bacteria take up extracel-
lular DNA, especially plasmid DNA, contributing to the dissemination of
antibiotic resistance and the emergence of antibiotic resistant patho-
genic bacteria. To rule out the potentially detrimental effects of VLRB on
the competent cells, the plasmids were purified after VLRB treatment
before transformation experiments. Our results showed that the trans-
formation efficiency of treated pUC19 significantly decreased with
increasing concentrations of VLRB (Fig. 1). The configuration of plasmid
DNA is one of the key factors influencing transformation efficiency.
Supercoiled plasmids are much easier to enter bacterial cells owing to
their compact conformation than open circular and linear forms [40,41].
Typically, plasmid in linear form shows up as a larger band on the
agarose gel than in supercoiled form, which moves faster in the agarose
gel [41]. The occurrence of smeared bands (Figs. S1 and S2a) after the
treatment of VLRB, indicating that VLRB treatment caused structural
modification of the supercoiled plasmid, resulted in the formation of the
linear plasmid. Additionally, the recovery rate of treated pRP4 was
decreased with the increasing VLRB concentration (Fig. S2b), indicating
a dose-dependent effect of VLRB on DNA. Photodynamic process typi-
cally generates enormous reactive intermediates (¢OH and 10,), and the
oxidative stress has been reported to result in DNA damage, including
strand breaks, base modification, and deoxyribose degradation, which
would lead to structural changes of plasmid [42,41,43], thus affecting
the transformation efficiency. Previous studies have also shown that
eOH would non-selectively oxidize DNA bases, leading to the break of
DNA strands by extracting eH from the sugar moiety of DNA [43,44],
and 10, could selectively oxidize guanine, further enhancing the dam-
age of DNA [43,45]. Furthermore, damages to the promoter or open
reading frame of plasmid-encoded ARGs may lead to transformant
colonization failure and reduced transformation efficiency. These data
indicated that the VLRB affected the morphology or structure of
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plasmids, and consequently reduced the frequency of transformation
[41,43].

VLRB treatment did not affect the viability of E. coli K12 or E. coli
HB101 (RP4), which belong to Gram-negative bacteria, whereas 10 pg/
mL of VLRB was sufficient to kill S. aureus RN4220 (Gram-positive bac-
teria) within 20 min at a light density of 280 pmol m 2571 (Table S4),
indicating that VLRB does not have bactericidal ability against donor and
recipient bacteria. Additionally, the conjugative transfer frequency of
PRP4 significantly decreased (p < 0.05) with the increasing concentra-
tions of VLRB (Fig. 2a), and the cell membrane permeability, antioxidant
enzyme activities, and conjugative corresponding gene expression levels
were significantly influenced during the photodynamic process, suggest-
ing that VLRB activated by visible light can affect the conjugation of
bacteria through altering bacterial physiology, biochemistry, and gene
expression, instead of killing the bacterial cells directly.

Photodynamic reactions of photosensitizers may prevent the con-
jugative transfer of antibiotic resistant plasmid by affecting the physi-
ological and biochemical characteristics of both donor and recipient
bacterial strains [46,47]. In this study, elevated cell membrane perme-
ability was detected in both donor (E. coli HB101 (RP4)) and recipient
(E. coli K12) cells under the exposure to VLRB (Figs. 3a and 3b), which
was consistent with the observations by TEM (Fig. 3c). Several previous
studies have demonstrated that many chemicals, such as nanoalumina
[3], preservatives [2], ionic liquid [48], nonnutritive sweeteners [5],
cadmium, and iron oxide nanoparticles [49], can affect bacterial
membrane permeability by changing the membrane compositions and
structures. Bacteria can alter their membrane permeability by regulating
the expression of outer membrane proteins as well [50,51]. A significant
increase in the CAT activity was observed in E. coli K12 but not in E. coli
HB101 (RP4), indicating that the bacterial SOS response was triggered
in E. coli K12, and intracellular ROS could accumulate when VLRB was
activated. The difference between donor and recipient bacteria in the
response to ROS was consistent with precious studies [52,53] and could
be attributed to the regulation of SOS response-related genes which was
associated with parDE-type toxin-antitoxin system encoded by pRP4 in
the donor E. coli HB101 [54].

However, in contrast to our finding, assorted studies have indicated
that many compounds, e.g., artificial sweeteners [5], preservatives [2],
and gibberellin [53], can facilitate the conjugative transfer of ARGs by
triggering intracellular ROS overproduction and increasing membrane
permeability. The discrepancy could be attributed to the production of
massive extracellular ROS and free radicals following visible light
excitation of VLRB. The zeta potentials and hydrodynamic diameter of
bacterial cells would decrease after free radical exposure, resulting in a
significant reduction in the aggregation of cells, and consequently
weakening the physical contact between cells [55-57]. In addition,
previous studies indicated that prolonged exposure to extracellular ROS
and free radicals could depress the expression of genes related to
adenosine-triphosphate synthesis and pilin production, thereby inhibit
the conjugative transfer of pRP4 [56,58,59].

The photodynamic process of photosensitizers can decrease conju-
gation efficiency by regulating the expression of conjugation-related
genes. The Grg system (korA, korB, and trbA) acts as global regulator
in plasmid replication, transfer, and stable inheritance [60], and the Mpf
system (trbBp) is responsible for the formation of channels or pores at the
mating bridge between donor and recipient bacteria [61,62]. In addi-
tion, the Dtr system (trfAp) is associated with the ralaxosome formation
during the transfer-replication process [62]. In this study, we found that
the expression of korA, korB, and trbA was significantly enhanced with
the VLRB treatment, whereas the expression of trfAp and trbBp was
repressed significantly (Fig. 5), while when VLRB concentration was less
than 10 pg/mL, a significant decrease in the expression levels of trfAp
and trbBp was not observed. These results suggested that the photody-
namic process of VLRB inhibited the formation of mating pairs by
restraining the mating bridge and relaxosome formation during the
transfer-replication process, which further contributed to the reduced
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conjugative transfer frequency after the treatment of VLRB.

The VLRB was synthesized from Rose Bengal, characterized by high
hydrophilicity, sensitivity, antibacterial activity, and stability [63,64],
and its anionic charge prevents the uptake of cells [63], demonstrating
to be promising in the biomedical field. Furthermore, in contrast to the
irradiation of light with specific wavelengths for PDT, the visible light
used in VLRB activation has the advantages of a higher level of perfu-
sion, lower thermal stress, and easy availability. Moreover, combining
VLRB with other materials, such as antibiotics [65], ultrasound irradi-
ation [66], nanoparticles [67], and chlorhexidine [68] may show higher
capacity in inhibiting the propagation of ARGs.

5. Conclusion

This study revealed that the efficiency of transformation and
conjugation of antibiotic resistant plasmids significantly decreased
under exposure to VLRB. Photodynamic activation of VLRB can induce
photodegradation of plasmid (plasmid strand breaks and base oxi-
dization), leading to the changes in the plasmid conformation and
reduction in the transformation efficiency. Furthermore, VLRB exposure
could generate a mass of extracellular ROS, facilitating the oxidative
damage of cells and affecting the expression of conjugation-related
genes, and thus decrease the conjugative transfer of plasmid. Photo-
sensitizers have been demonstrated with germicidal effects on Gram-
positive bacteria including S. aureus [69], Bacillus cereus [70], Entero-
coccus faecalis [71], Streptococcus mutans [72], et al., our findings
expanding the roles of photosensitizers in the inhibition of
plasmid-mediated HGT in Gram-negative bacteria, which could be uti-
lized for the prevention and control of the spread of plasmid-encoded
ARGs. Nevertheless, the plasmid-mediated transformation and conju-
gation experiments were conducted using E. coli strains, more bacterial
strains should be included to test the robustness of VLRB.
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