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• QACs promotedARGs transfer via plasmid
conjugation.

• QACs increased cell outer membrane per-
meability by LPS loss.

• QACs regulated plasmid conjugative ap-
paratus favors ARGs transfer.

• Enhanced EPS production was strongly
correlated with plasmid conjugation.

• AI-2 mediated quorum sensing regulated
plasmid conjugation genes.
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During the pandemic of COVID-19, the amounts of quaternary ammonium compounds (QACs) used to inactivate the
virus in public facilities, hospitals and households increased, which raised concerns about the evolution and transmis-
sion of antimicrobial resistance (AMR). AlthoughQACs may play an important role in the propagation of antibiotic re-
sistance gene (ARGs), the potential contribution andmechanism remains unclear. Here, the results showed that benzyl
dodecyl dimethyl ammonium chloride (DDBAC) and didecyl dimethyl ammonium chloride (DDAC) significantly pro-
moted plasmid RP4-mediated ARGs transfer within and across genera at environmental relevant concentrations
(0.0004–0.4 mg/L). Low concentrations of QACs did not contribute to the permeability of the cell plasma membrane,
but significantly increased the permeability of the cell outer membrane due to the decrease in content of lipopolysac-
charides. QACs altered the composition and content of extracellular polymeric substances (EPS) and were positively
correlated with the conjugation frequency. Furthermore, transcriptional expression levels of genes encode for mating
pairing formation (trbB), DNA replication and translocation (trfA), and global regulators (korA, korB, trbA) are regu-
lated by QACs. And we demonstrate for the first time that QACs decreased the concentration of extracellular AI-2 sig-
nals, which was verified to be involved in regulating conjugative transfer genes (trbB, trfA). Collectively, our findings
underscore the risk of increased disinfectant concentrations of QACs on the ARGs transfer and provide new mecha-
nisms of plasmid conjugation.
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1. Introduction

During the COVID-19 pandemic, indoor and outdoor disinfectants have
been used extensively to limit the transmission of the SARS-CoV-2 virus
(Dewey et al., 2021). The new regulations and habits for disinfection will
likely be more routine in future, and these may, in turn, result in low but
persistent levels of disinfectants remaining in the environment. Recently,
concerns have been raised about the evolution and propagation of
antibiotic resistance caused by these residual disinfectants (Hora
et al., 2020; Lu and Guo, 2021; Mahoney et al., 2021). Conjugation is
the primary mechanism of horizontal gene transfer (Amos et al., 2018;
Gaze et al., 2011; Thomas and Nielsen, 2005). The plasmid-mediated
ARGs transfer begins with cell-to-cell contact, connecting donor and re-
cipient cells through the pilus (Thomas and Nielsen, 2005). Plasmid conju-
gation universally occurs in natural environments, such as soil (Xu et al.,
2021), aquatic environments (Huang et al., 2022) and biofilms (Abe
et al., 2020; Guo et al., 2018).

Quaternary ammonium compounds (QACs) are cationic surfactants. Be-
cause of their broad-spectrum antimicrobial properties, they are widely
used in household, food processing, agricultural and clinical applications
to control the spread of pathogens (Gosling et al., 2017; Levinson, 1999;
Min-Jeong et al., 2010; Ruan et al., 2014). QACs effectively inactivate vi-
ruses, and half of the disinfectants formulations containing QACs are rec-
ommended by the U.S. Environmental Protection Agency for inactivating
SARS-CoV-2 (Hora et al., 2020). Major classes of QACs include BACs (ben-
zyl alkydimethyl ammonium compounds), ATMACs (alkytrimethyl ammo-
nium compounds) and DADMACs (dialkyldiethyl ammonium compounds)
(Ruan et al., 2014). As membrane active agents, positively charged quater-
nary nitrogen of QACs interact with the negatively charged acidic phospho-
lipids on the cell membrane, and the hydrophobic carbon chains are
integrated into the cell, leading to the disruption of cell membrane integrity
and leakage of cellular contents (Buffet-Bataillon et al., 2012).

QACs have been detected widely in wastewater sludge (Ruan et al.,
2014), surface water (Zhang et al., 2015) and soil (Mulder et al., 2017). Ap-
proximately 25 % of QACs is directly discharged into surface water and the
marine environment through surface runoff, and 75 % of QACs is collected
into wastewater treatment plants with sewage (Mulder et al., 2017). The
concentration level of QACs in sewage influent is μg/L (Clara et al., 2007;
Pati and Arnold, 2020). QACs with hydrophobic alkyl chains are easily ad-
sorb to biosolids, leading to the transfer of QACs to anaerobic digesters,
which is a long-term oxygen-limited environment that is unfavorable for
the degradation of QACs (Garcia et al., 1999; Hora et al., 2020; Zhang
et al., 2015). Didecyl dimethyl ammonium chloride (DDAC) and dodecyl
dimethyl benzyl ammonium chloride (DDBAC) are the highest concentra-
tion detected in sewage among the DADMACs and BACs homologues
(Clara et al., 2007). The concentration of DDAC in sediment gradually in-
creased from 2005 to 2010 (Pati and Arnold, 2020). During the COVID-
19, the mass load of DDBAC increased 441 % in sewage (Mohapatra
et al., 2022). Alygizakis et al. (2021) showed that compared with non-
COVID conditions in 2019, the QACs mass load in wastewater treatment
plants increased by 331 % in 2020.

Wastewater treatment plants are a common pool for mobile genetic el-
ements to be shared between environmental bacteria and pathogens.
ARGs-carrying plasmids, especially broad-host plasmids, can spread across
genera (Xu et al., 2021). Moreover, several emerging pollutants, such as
nanoparticles (Yu et al., 2020), ionic liquid (Wang et al., 2015) and nonnu-
tritive sweeteners (Yu et al., 2021b), can promote plasmid transfer by in-
ducing oxidative stress and increasing the permeability of cell
membranes. Zhao et al. (2023) reported a significant positive correlation
between ARGs and integrons under exposure of dodecyl trimethyl ammo-
nium chloride (ATMAC-C12),which indicated thatQACsmay promote hor-
izontal gene transfer, thereby increasing the propagation of ARGs. Han
et al. (2019) showed that five QACs (ATMAC-C12, BACs-C12–16,
DADMAC-C12) promoted ARGs conjugative transfer, and the possible
mechanismswere attributed to the enhanced cell plasmamembrane perme-
ability and stimulated bacteria to produce ROS. Although the previous
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studies reported the transmission of ARGs induced by several QACs, the
mechanism remains unclear.

In this study, intra- and intergenera conjugation models were estab-
lished to reveal the effect of QACs on plasmid conjugation. Model I was
an intragenera conjugation process consisted of E. coli HB101 and E. coli
MG1655 under exposure of QACs. Model II involves the intergenera conju-
gation from E. coli to Pseudomonas putida. DDAC and DDBAC were selected
as the typical QACs. In order to reveal the mechanisms of plasmid transfer,
the cell membrane permeability was determined first, followed by cell to
cell contact, cell communication, energy supply and conjugative machin-
ery. RNA- sequencing was used to analyze the differential expression
genes of E. coli HB101 under stress of DDBAC and DDAC. Based on our
study, we reported for the first time that QACs regulated plasmid conjuga-
tion by altering the AI-2 mediated quorum sensing system. This study pro-
vided new insights into the effects and mechanisms of QACs on the
conjugative transfer of ARGs.

2. Material and methods

2.1. The establishment of plasmid conjugation models

In order to know the appropriate antibiotic concentrations to screen the
transconjugants, theminimum inhibitory concentration (MIC) of the antibi-
otics were determined (Table S1). Meanwhile, the MIC of the QACs were
also determined, and MIC90 was used in the experiment (Table S2) (Yu
et al., 2021b). The determination method of MIC is detailed in Text S1.

To determine the effect of QACs on the plasmid conjugation, two
conjugative transfer models were established, including intra- and
intergenera conjugation. The intragenera conjugation consisted of the
donor strain E. coli HB101, harboring plasmid RP4, encoding resistance to
ampicillin (Amp), kanamycin (Km), and tetracycline (Tc), and the recipient
strain E. coli MG1655, which was resistant to nalidixic acid (Nal). The
intergenera conjugation was donor E. coli HB101 and the recipient Pseudo-
monas putida, which is isolated from seawater and resistant to cefoxitin
(cefo). A single colony was selected from LB plates and then grown over-
night in LB medium with corresponding antibiotic concentrations
(Table S3). Then, the bacteria were washed by phosphate-buffered saline
(PBS) twice The cell density of donor and recipient bacteria were adjusted
to 108 CFU/mL. In the intragenera mating paired system, donors and recip-
ients were mixed at a ratio of 1:1. For intergenera conjugation model, our
previous result showed that E. coli almost accounted for 10 % of the total
Pseudomonas spp. and E. coli isolates in sewage effluents (Haller et al.,
2018). According to the bacteria composition in actual sewage, the donor
(E. coli HB101) and recipient (Pseudomonas putida) were mixed at a ratio
of 1:9 for intergenera conjugation model. QACs were added to the mating
paired systems, and the final concentrations were as follows: 0, 0.0004,
0.004, 0.04, 0.4mg/L, which is typical of concentrations observed inwaste-
water treatment plants (Table S4). After conjugation at 37 °C for 20 h, the
mixtures were properly diluted and plated onto LB plates containing the
corresponding concentrations to screen for transconjugants, donors and re-
cipients (Table S3). Conjugation frequency was calculated as the formula:
the cell number of transconjugants/the cell number of recipients. In order
to verify the role of lipopolysaccharide (LPS) loss of cell outer membrane
on plasmid conjugation, donors and recipients were pretreated with
EDTA at a final concentration of 0.5 mM for 30 min, then EDTA was re-
moved by centrifugation and the cells were resuspended in PBS (Huang
et al., 2022). The donor and recipient were mixed for plasmid conjugation
experiment at 37 °C for 4 h. 4,5-dihydroxy-2,3-pentanedione (DPD) (0.8,
4 μM), the precursor of AI-2, was added to the intragenera conjugation sys-
tem to verify the role of AI-2 molecules on the plasmid conjugation.
Transconjugants were verified by gel electrophoresis (Text S2).

2.2. Measurement of cell membrane permeability

Permeability of the cell outer membrane was measured with the hydro-
phobic probe 1-N-phenylnaphthylamine (NPN), which strictly accesses the
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outer membrane of E. coli, and its fluorescence is enhanced in a hydropho-
bic environment such as within the cell outer membrane (Loh et al., 1984).
The bacteria were treated with QACs for 1 h and NPN was added at a final
concentration of 10 μM. Fluorescence intensitywasmeasuredwith amicro-
plate reader (infinite M200 pro, Tecan, Switzerland) with excitation at
350 nm and emission at 420 nm. Cell cytoplasmic membrane permeability
was also determined by propidium iodide dye (Text S3).

2.3. Extraction, purification and determination of lipopolysaccharide

Lipopolysaccharide (LPS) was extracted by the hot-phenol-water
method (Rezania et al., 2011) and quantitatively determined by the
Purpald method (Lee and Tsai, 1999). Details of the extraction, purification
and quantification of LPS can be found in Text S4.

2.4. Determination of DPD concentration by LC-MS/MS in presence of QACs

The concentrations of 4,5-dihydroxy-2,3-pentanedione (DPD) in the
intragenera conjugation system were measured to explore the effect of
QACs on intracellular communication. In brief, donor and recipient were
cultured for 4 h to logarithmic phase. After centrifugation to remove LB,
an intragenera plasmid conjugation system was constructed and exposed
to QACs at 0.4 mg/L for 3 h. Then, the cell suspension was filtered through
a 0.45 μm filter (Sartorius). DPD was determined by LC-MS/MS based on a
previous method with some modifications (Xu et al., 2022). The sample
was subjected to a derivatization reaction with 2,3- diaminonaphthalene
(DAN) (SigmaAldrich,≥ 98.0%) to form aDPD-DANcomplex before anal-
ysis by LC-MS/MS. Detailed parameters regarding derivatization and LC-
MS/MS are given in Text S5.

2.5. RNA extraction, genome-wide RNA sequencing and transcriptomic analysis

E. coli HB101 were treated with DDAC and DDBAC for 4 h and har-
vested. Cell pellets were resuspended in 100 μL lysozyme (1 mg/mL) and
incubated for 10 s. Total RNA was extracted by the RNeasy mini kit
(Qiagen) according to the manufacturer's protocol (Cardinale et al., 2013)
and sent to Novogene company (Singapore) for sequencing. All RNA sam-
pleswere used to construct the sequencing library. Fragments Per Kilobases
Per Millionreads (FPKM) was used to quantify gene expression. Differen-
tially expressed genes (DEGs) were determined by using the DESeq2 pack-
ages and gene functions were described using Swiss-prot, Pfam, NR, COG
and GO annotation databases. DEGs were selected by comparing the con-
trol and QACs-treated groups (0.4 mg/L) as |log1.2| > 1, P < 0.05.

2.6. mRNA expression analysis

Transcriptional levels of genes related to conjugative transfer were de-
termined by reverse transcription quantitative PCR (RT-qPCR). The iso-
lated total RNA from E. coli intragenera mating mixture was transcribed
to cDNA using ImProm-II™ Reverse Transcription System (Promega),
followed by quantification via qPCR using the SYBRGreen dye (FastStart
Universal SYBR Green Master (ROX), Roche). The qPCR reaction system
was 20 μL, including 10 μL SYBRGreen dye, 0.5 μL (10mM, IDT) of forward
and reverse primers, 1 μL cDNA and 8 μL double-distilled water. The proce-
dure was 50 °C for 2 min, 95 °C pre-denaturation for 10 min, followed by
40 cycles of 95 °C for 15 s, and 60 °C for 1 min. The melting curve acquisi-
tion temperature range was from 60 °C to 95 °C, and the signal was read for
every 0.3 °C increase. A blank control was set to filter false positive ampli-
fication results. ThemRNA expression levels were normalized to 16S rRNA.
The detailed information of primers are listed in Table S5 (Qiu et al., 2012;
Yu et al., 2021a).

2.7. EPS extraction and the determination of the polysaccharides and proteins

Overnight cultured E. coli HB101 was washed twice with PBS and ad-
justed to OD600 = 1.0. The cell suspension was treated by QACs for 4 h.
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Then, 15 mL of cell suspension was centrifuged and the supernatant was
discarded. 5 mL of 0.05 % NaCl that has been preheated to 70 °C was
added, vortexed for 1 min and centrifuged at 4500 g for 5 min. Supernatant
was collected as loose EPS. 5 mL of 0.05 % NaCl was added again, and put
into a 60 °C water bath for 30 min, centrifuged at 4500 g for 5 min and the
supernatant collected as tight EPS (Liao et al., 2019). The content of poly-
saccharide was determined by the phenol‑sulfuric acid method, see details
in Text S6. The protein content of EPS was determined by the Bradford
method according to the instructions of the Protein Quantitation kit
(Abcam, USA).

2.8. Other chemical analysis methods

ATP content were quantified by the ATP assay kit (Sigma). The over-
night cultured E. coli HB101were washed twice with PBS and the OD600

was adjusted to 1.0. Then, QACs were added for 4 h, 1 mL of bacteria was
centrifuged to collect the cell pellet following the instructions of the kit,
and the absorbance was measured at 570 nm by colorimetry. Cell
hydrophobicity was determined by Campanac's method (Campanac et al.,
2002). All experiments in this studywere performed at three biological rep-
licates. Independent sample t-tests were used to evaluate the differences be-
tween groups. P< 0.05, p< 0.01 and p< 0.001 aremarked as *, **, and ***,
respectively.

3. Results and discussion

3.1. QACs promoted conjugative transfer of ARGs

During the epidemic of COVID-19, we hypothesized that the increased
use of QACs would drive the proliferation of antibiotic resistance genes.
Two commonly used QACs (DDBAC and DDAC) were selected, and two
conjugative models were established to verify the hypothesis. As shown
in Fig. 1, QACs significantly promoted the transfer of ARGs via plasmid con-
jugation in both intra- and intergenera conjugative transfer systems. The
spontaneous intragenera conjugation frequency (from donor E. coli
HB101 to recipients E. coli MG1655) was (1.8 ± 0.9) × 10−5, and
DDBAC and DDAC significantly enhanced the conjugation frequency by
3.0-, 12.7-fold at 0.4 mg/L, respectively (Fig. 1a). Consistent with the in-
creasing trend of conjugation frequency, the cell number of transconjugants
also increased exposure to QACs. At 0.4 mg/L, the cell number of
transconjugants increased by 3.5 and 10.4 times under DDBAC and
DDAC, respectively (Fig. 1b). Notably, even at the lowest dose of DDAC at
0.0004 mg/L, the conjugation frequency was significantly increased by
2.8- fold (Fig. 1a). In order to predict the intragenera conjugation fre-
quency, the correlation between the tested QACs concentration and the
conjugation frequency was also analyzed. QACs exposure concentration
had a good linear relationship with the intragenera plasmid conjugation
frequency within the tested concentration range (Fig. S1a, b), which can
be used to predict the conjugation frequency when the QACs concentration
in the environment is already known.

In the intergenera conjugation mating system, the recipient was
P. putida, and the spontaneous interspecific conjugation frequency was
(6.9± 0.2)×10−7, whichwas lower than that of the intragenera conjuga-
tion system. DDBAC and DDAC significantly promoted the conjugative
transfer frequency of plasmid RP4 and the cell number of transconjugants
within the concentration range of 0.004–0.4mg/L (Fig. 1c, d). For example,
the intergenera conjugation frequency increased by 15.3- and 3.9- fold at
0.4 mg/L under DDBAC and DDAC, respectively. To avoid the negative ef-
fect of QACs on the density of donors and recipients, the cell number of both
the donor and recipient were counted. The results clearly showed that the
cell numbers of donor and recipients were not significantly changed com-
pared to the blank group (Fig. S2). Intragenera transconjugants were also
verified by gel electrophoresis (Fig. S3). In general, if the QACs concentra-
tion in wastewater treatment plants increased, it will promote the spread of
ARGs, and the increased cell number of transconjugants may spread ARGs
by vertical gene transfer or secondary conjugation (Li et al., 2018).



Fig. 1.QACs promoted the ARGs transfer via plasmid conjugation. (a) and (b) Fold change of conjugation frequency and cell number of transconjugants as a function of QACs
concentration in the intragenera conjugation system. (c) and (d) Fold change of conjugation frequency and cell number of transconjugants as a function of QACs
concentration in the intergenera conjugative system. Significant differences between the QACs-treated group and the control group were determined by independent
samples t-test and are marked as * for p < 0.05, ** for p < 0.01 and *** for p < 0.001.
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3.2. QACs increased the cell outer membrane permeability

The cell membrane acts as a barrier that controls the inlet and outlet of
substances, including DNA material via plasmid conjugation (Samuels
et al., 2000). Studies have shown that increased cell membrane permeabil-
ity, especially in donor cells (Yu et al., 2021b), can facilitate plasmid
conjugative transfer. As membrane-active agents, QACs promote the per-
meability of the cytoplasmic membrane, causing the leakage of intracellu-
lar substances and eventually leading to cell death (Gilbert and Moore,
2005). Hence, the PI dye was first used to measure the permeability of
the cytoplasmic membrane. However, within the tested concentration
range of QACs in this study, the fluorescence intensity of PI dyes did not sig-
nificantly change in the QACs-treated group, suggesting that QACs did not
increase the permeability of the cytoplasmic membrane (Fig. S4, p > 0.05).
Furthermore, NPN was used to measure the permeability of the cell outer
membrane. As shown in Fig. 2a, the cell outer membrane permeability
was significantly enhanced under the treatment of QACs at 0.4 mg/L. The
cell outer membrane is composed of lipopolysaccharides, phospholipids
and proteins, usually carrying a net negative charge, and is stabilized by di-
valent cation ions (Mg2+ and Ca2+) (Gilbert and Moore, 2005). In order to
reveal which component of the cell outer cell membrane is altered, the LPS
of cells in the control and QACs-treated group were extracted. The results
showed that the concentration of LPS was significantly decreased to
59.7 % and 40.7 % in DDBAC and DDAC-treated group, respectively
4

(Fig. 2b). The proposed mechanism is that QACs interact with the cell
outer membrane, involving displacement of Mg2+, resulting in the loss of
cell outer membrane components such as LPS and outer membrane protein
(Kwasniewska et al., 2020). In divalent cation ions solution, LPS can de-
crease the bactericidal ability of QACs by forming an enhanced potential
electrostatic barrier against the invasion of cationic antimicrobial peptides
(Strauss et al., 2009). Other studies also reported that low concentrations of
the biosurfactant, rhamnolipids, caused the release of LPS of Pseudomonas
aeruginosa (Miller, 1994).

LPS consist of three moieties: lipid A, a core oligosaccharide (core-OS)
and a long polysaccharide called O antigen. Since E. coli HB101 lacks
O-antigen (Ruiz et al., 2009; Strauss et al., 2009), only lipid A and core ol-
igosaccharide process were involved in LPS biosynthesis. Lipid A is synthe-
sized through a group of Lpx* enzymes following a ligation of the core
oligosaccharide, which is synthesized by a group of Waa* enzymes, and
forming rough LPS. Rough LPS is flipped across the inner membrane by
the MsbA enzyme. The assembled rough LPS is extracted from the inner
membrane and transported to the outer membrane by the Lpt system.
RNA transcriptome datawere analyzed in detail with regard to the LPS syn-
thesis pathway. Among these key genes related to LPS biosynthesis and
transport, the lptD gene was significantly upregulated (p < 0.05) in the
donor under DDBAC exposure (Fig. 2c, Table S6). The results indicated
that the LPS transport pathway was enhanced to cope with the DDBAC ex-
posure. Lipoprotein contributes to the formation and maintenance of cell



Fig. 2.QACs enhanced cell outermembrane permeability. (a) Relativefluorescence intensity of NPN and (b) relative content of LPS underQACs exposure at 0.4mg/L. (c) The
illustration of lipopolysaccharide synthesis pathway and gene expression level related to LPS synthesis. (d) Gene expression levels associatedwith lipoprotein. (e) Cell number
of transconjugants of intragenera and (f) intergeneramating system. Donor and recipients were treated by EDTA at 0.5mMorQACs at 0.4mg/L. Independent-sample t-test (a,
b, e and f) was used to compare the differences between QACs-treated and the control group, and are indicated by * P < 0.05 and **P < 0.01.
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shape and is essential for the integrity of the cell membrane (Gao et al.,
2018; Narita and Tokuda, 2017). The expression levels of genes related to
lipoprotein were significantly regulated under DDBAC exposure
(p < 0.05), which indicted that a major disruption of the outer membrane
induced by QACs (Fig. 2d, Table S7).

To confirm whether the release of LPS play a role in plasmid conjuga-
tion, EDTA was used to pretreat donor and recipients to increase cell
5

outer membrane permeability. EDTA-treated Pseudomonas aeruginosa can
release about 50 % LPS of the outer membrane (Russell and Chopra,
1996). As shown in Fig. 2e and f, EDTA significantly increased the cell
number of intragenera and intergenera transconjugants compared with
the control group, increasing by 2.7- and 4.9-fold, respectively. In total,
QACs promoted plasmid conjugation by increasing cell outer membrane
permeability.



Fig. 3.QAC promoted cell to cell contact by improving the composition of the EPS.
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3.3. Cell to cell contact

Cell-to-cell contact is the prerequisite for plasmid conjugation to occur.
Several studies reported that EPS can strengthen the intercellular interac-
tions, including the formation and function of cell aggregates, cell adhesion,
and horizontal gene transfer (Czaczyk and Myszka, 2007; Flemming and
Wingender, 2010). Extracellular polymeric substance (EPS) is mainly com-
posed of extracellular polysaccharides (PS) and proteins (PN) (More et al.,
2014). Therefore, the content and composition of EPS was determined. As
shown in Fig. 3, the ratio of PN/PS exhibited a concentration-dependent in-
crease under exposure of DDAC and DDBAC. For example, the ratio of PN/
PS increased by 1.4- and 4.7-fold when exposed to DDAC and DDBAC at
0.4 mg/L, respectively. The results indicated that E. coli can alter the com-
position of EPS to alleviate the stress of QACs. Previous studies also re-
ported that sub-inhibitory concentrations of QACs enhanced biofilm
Fig. 4.mRNA expression levels of conjugative transfer genes. (a) QACs significantly regu
replication system gene trfA and global regulatory genes (c) korA, (d) korB and (e) trbA
QACs-treated and the control group, and are indicated by * P < 0.05 and **P < 0.01.
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formation of E. coli (Pagedar et al., 2012) and altered the EPS composition
and content of Chlorella (Li et al., 2019). Pearson correlation analysis
showed that plasmid conjugation frequency and the ratio of PN/PS were
strong positively correlated (Table S8), indicating that QACs promoted
plasmid-mediated transfer of ARGs that were associated with the altered
extracellular EPS. Yu et al. (2020) demonstrated that that CeO2 nanoparti-
cle altered the EPS content of E. coli, which played an important role in reg-
ulating plasmid conjugation.

The EPS covering on a cell surface influences the physiochemical char-
acteristics such as cell hydrophobicity (Tsuneda et al., 2003). For biofilms,
exopolysaccharides have hydrophilicity property due to a large number of
hydrophilic groups (-COOH, -OH) and exoproteins show strong hydropho-
bicity (Campanac et al., 2002). Therefore, cell surface hydrophobicity of
donors was determined by using cell adhesion to hydrocarbon. As shown
in Fig. S5, DDAC did not affect cell surface hydrophobicitywithin the tested
concentration range. However, DDBAC significantly increased cell surface
hydrophobicity with increasing concentration (0.04, 0.4 mg/L). Increased
cell hydrophobicity contributed to cell adhesion, thereby promoting the in-
tercellular contact between donors and recipients (Araujo et al., 2010; Liao
et al., 2019). Overall, sub-inhibitory concentrations of QACs mediated in-
tercellular interactions by altering the composition of EPS.

3.4. Effects of QACs on mRNA expression levels of conjugative apparatus

Bacterial conjugation is the transfer of genetic material from a host to
the recipient through cell-to-cell contact. The establishment of initial phys-
ical contact between cells has been defined as the mating pair formation
(Mpf). Gene trbB is involved in the mating pair formation during the plas-
mid conjugation (Zatyka et al., 2001). Gene trfA encoding the replication
initiator protein, which is the second step of conjugative transfer and
needs energy supply for the conjugation process (Kostelidou et al., 1988).
The results showed that the expression level of trbB and trfA increased sig-
nificantly under exposure of DDAC and DDBAC at 0.4 mg/L, respectively
(Fig. 4a, b). Simultaneously, QACs also significantly repressed the expres-
sion level of the global regulator genes (korA, korB, trbA) (Fig. 4c-e). Com-
pared to the untreated control group, korA gene expression levels were
down-regulated by nearly 83 % and 65 % under DDAC and DDBAC treat-
ments, respectively. TrbB promoter (trbBp) is repressed by korB and trbA
late the genes related to mating pair formation system trbB, (b) plasmid transfer and
gene. Independent-sample t-test (a-e) was used to compare the differences between
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(Shingler and Thomas, 1984). The trfA promoter (trfAp) is repressed by
global regulatory genes (korA, korB trbA) (Jagura-Burdzy et al., 1992).
Hence, the down-regulation of expression levels of korB and trbA are very
important for activating the transcription of mating pair formation trbB
gene. Due to the significant down-regulation of transcriptional levels of
korA, korB and trbA by QACs, the expression of trfA gene was alleviated,
thereby enhancing the plasmid transfer.

Plasmid conjugation is known to be energy expensive and requires three
plasmid-encoded ATPase genes (Ilangovan et al., 2015). In order to con-
strain the cost fitness, plasmids strictly control the expression of the conju-
gationmachinary, and only a few bacteria in themicrobiota can express the
genes associated with the conjugation systemwhen they are close to the re-
cipients (San Millan and MacLean, 2017). The fitness costs of plasmid
Fig. 5.AI-2 signals involved in the plasmid transfer under QACs in the intragenera conju
the mating pair system under exposure of QACs at 0.4 mg/L. (c) The effects of exogenous D
gene expression level of trbB and trfA. (e) The schematic diagram of AI-2 signals regulate
used to compare the differences between QACs-treated and the control group, and are i
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conjugation are from high ATP requirements for theMpf and plasmid trans-
location (Ilangovan et al., 2015; San Millan and MacLean, 2017). Thus, the
increased translation and expression of conjugative machinery of the donor
cell requires additional ATP. Therefore, the upregulated expression of trbB
and trfA was ascribed to the increased ATP content (Fig. S6a). We further
analyzed the gene expression related to ATP production of the RNA-
sequencing data. The generation of ATP came from a series of electron
transport processes in the electron transport chain. Electron flow utilizes
the transmembrane protein complex 1-IV, which is involved in generating
a proton gradient and ultimately drives ATP production by complex V
(Zhao et al., 2019). The NuoA gene, encoding NADH:quinone oxidoreduc-
tase in electron transport complex I, is the main entry point for electrons
from NADH into the respiratory chain (Oppermann et al., 2022). Under
gation model. (a) Concentration of DPD and (b) The gene expression level of LuxS in
PD (0.8, 4 μM) on the cell number of transconjugants. (d) DPD (4 μM) regulated the
d the plasmid conjugation under QACs exposure. The Independent-sample t-test was
ndicated by * P < 0.05, **P < 0.01 and **P < 0.001.
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the treatment of DDBAC, the expression level of NuoA gene was signifi-
cantly up-regulated (p < 0.05), indicating that the increased ATP content
was related to the activated electron transport chain (Fig. S6b). Other stud-
ies also showed that the changes of intracellular ATP content may be regu-
lated by the gene expression levels of the electronic respiratory chain (Li
et al., 2021; Yu et al., 2020). In total, QACs regulated RP4 plasmid-
mediated conjugative transfer machinery under exposure to QACs, which
was supported by an increase in ATP production.

3.5. AI-2 mediated quorum sensing regulates the plasmid transfer under QACs

Quorum sensing plays a very important role in cell-to-cell communica-
tion, enabling bacteria to respond to environmental stress by producing, se-
creting and detecting signaling molecules, and regulating cellular behavior
(Zheng et al., 2018; Zhu et al., 2020). The LuxS/AI-2 system has been pro-
posed to involve bacteria phenotypes, including biofilm formation, motility
and horizontal gene transfer (Pereira et al., 2013). Vibrio cholerae responds
to autoinducer (AI) molecules produced by multispecies biofilm activating
the ComEA expression related to DNA uptake and promoting plasmid hori-
zontal gene transfer (Antonova and Hammer, 2011). Several studies have
shown that exposure to disinfectants affects AI-2 activity and the gene ex-
pression level of gene luxS (Castillo et al., 2015; Hongmei et al., 2014; Yu
et al., 2021a). Therefore, it is reasonable to speculate that QACs may con-
trol the plasmid conjugation process by regulating AI-2-mediated quorum
sensing. In this study, the extracellular concentration of DPD, as a precursor
of multiple AI-2 signals, was first determined by LC-MS/MS in a E. coli
intragenera plasmid conjugation system under exposure to QACs. As
shown in Fig. 5a, QACs significantly reduced the extracellular concentra-
tion of AI-2 signals. The extracellular concentrations of DPD were reduced
by 15 % and 21 % in the DDAC and DDBAC-treated groups, respectively.
Also, QACs significantly inhibited the expression level of LuxS (Fig. 5b).
Transcriptomedata showed that QACs significantly upregulated the expres-
sion levels of genes related to the uptake of AI-2 signals (lsrA) and the phos-
phorylation of AI-2 signals (lsrK) (Fig. S7). In summary, the results
indicated that QACs inhibited the synthesis of AI-2 and promoted AI-2 up-
take and phosphorylation of E. coli, thus reducing the extracellular concen-
tration of DPD.

To confirm the role of AI-2 in regulating the plasmid conjugation, exog-
enous DPD (0.8, 4 μM) was added to the plasmid conjugation system. DPD
significantly reduced the cell number of transconjugants from 5541 to
4529 CFU/mL, resulting in a significant 19 % decrease compared to the
blank treatment group at 0.8 μM. When the AI-2 signals were at 4 μM, the
cell number decreased by 43 % (Fig. 5c). Also, exogenous DPD (4 μM) sig-
nificantly decreased the transcriptional expression levels of trfA and trbB
(Fig. 5d). The results revealed that increased extracellular concentration
of AI-2 signalswere unfavorable for the plasmid transfer. Several antibiotics
can promote intergenera conjugation of RP4 by inhibiting AHLs signals me-
diated quorum sensing (Lu et al., 2017). Taken together, QACs apparently
affect AI-2 signals in the E. coli conjugation system and thereby regulating
the expression of intracellular plasmid-related conjugation genes
(Fig. 5e). However, some research gaps still need to be filled such as how
the AI-2 uptake process regulates plasmid conjugation under QACs treat-
ment.

4. Conclusion

This study provides important insights into the effects and mechanisms
of low concentrations QACs on the spread of antibiotic resistance genes via
plasmid conjugation. The environmental concentrations of QACs promoted
conjugation frequency and increased linearly with increasing concentra-
tions, indicating increased disinfectant use during the pandemic of
COVID-19 may promote AMR. QACs facilitated the plasmid conjugation
by regulating cellular processes, including cell membrane permeability,
EPS production, and genes expression associatedwith plasmid conjugation.
This study also demonstrated for the first time that AI-2 signals were also
involved in regulating plasmid conjugation under QACs exposure.
8

However, there are some limitations in the research. The study explored
the transmission risk of QACs on ARGs conjugative transfer only in artifi-
cially constructed conjugation models where intercellular contact between
the donors and recipients were maximized. Future studies are necessary to
evaluate the effects of QACs on the spread of ARGs among WWTP and nat-
ural ecosystem microbiota. Further efforts are also needed to understand
how the uptake and detection of AI-2 signals in E. coli regulates plasmid
conjugation. Considering that the increased use of QACs during the
COVID-19 pandemic,we recommend that future studies paymore attention
to evaluate and control the risk of QACs as the recommended disinfectant
based on the development and evolution of antibiotic resistance.
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Appendix A. Supplementary data

Determination of the minimal inhibition concentration (MIC) towards
antibiotics and QACs (Text S1), gel electrophoresis for the identification
of transconjugants (Text S2), determination of plasma membrane perme-
ability by propidium iodide dye (Text S3), the extraction, purification and
quantitative of LPS (Text S4), quantification of DPD by LC-MS/MS (Text
S5) and determination of polysaccharides in EPS (Text S6) were presented.
Minimal inhibition concentration (90 %) of bacteria towards antibiotics
(Table S1), minimal inhibition concentration (90 %) of bacteria towards
QACs (Table S2), antibiotic concentration of cultivation and screening for
donors, recipients and transconjugants (Table S3), QACs concentrations
of the wastewater scenarios (Table S4), primers for qPCR (Table S5), gene
expression level related to LPS (Table S6), gene expression level related to
lipoprotein (Table S7) and pearson correlation analysis between conjuga-
tion frequency and the ratio of PN/PS (Table S8). Linear relationship be-
tween QACs concentration and conjugation frequency in intragenera
conjugation system (Fig. S1), Cell number of donor, recipient and
transconjugant in the intra- and intergenera conjugative transfer system
(Fig. S2), The transconjugants verification by the gel electrophoresis
(Fig. S3), fold change of cell plasma membrane permeability of E. coli
HB101 (Fig. S4), effects of QACs on cell hydrophobicity of the donor
(Fig. S5), QACs enhanced the production of ATP (Fig. S6) and transcrip-
tional expression level of genes related to AI-2 uptake (Fig. S7) were pre-
sented. Supplementary data to this article can be found online at doi:
https://doi.org/10.1016/j.scitotenv.2023.163781.
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