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A B S T R A C T   

Ubiquitous antibiotic resistance genes (ARGs) is a significant global human health concern. 
Surfactants have been extensively used worldwide, and the consumption of surfactants containing 
hygiene, cleaning agents and disinfectants was multiplied during COVID-19 pandemic, which 
have caused significantly increased pollution of surfactants in aquatic environment. Whether such 
ever-increasing surfactant concentration boost dissemination risk of ARGs still remains unknown. 
Here the effects of three typical surfactants such as sodium dodecyl sulfate, cetyl-
trimethylammonium bromide and benzalkonium chloride on the transformation of pUC19 
plasmid (2686 bp)-borne ARGs to recipient bacteria E. coli DH5ɑ were investigated. It was found 
that these surfactants at environmental concentrations facilitated horizonal gene transfer (HGT) 
via transformation. The transformation triggering concentrations for the three surfactants were 
0.25–0.34 mg/L with a maximum increased transformation frequency of 13.51–22.93-fold. The 
mechanisms involved in activated HGT of ARGs via transformation triggered by surfactants could 
be mainly attributed to the increased production of reactive oxygen species, which further 
enhanced cell membrane permeability. These findings provide new sights for understanding of 
ARG propagation and also imply that the drastic rise of surfactant concentration in aquatic 
environment may significantly increase the dissemination risk of antibiotic resistance.   

1. Introduction 

Antibiotic resistance genes (ARGs) and the induced transmission of antibiotic resistant bacteria (ARB) was considered as emerging 
global contaminant, which even listed as one of the most worldwide ecological and human health concern in the coming decades 
[1–3]. Apart from spontaneous mutations, horizontal gene transfer (HGT) including conjugation, transformation and transduction 
prominently contributes to the spread of antibiotic resistance [4,5]. Transformation, exogenous DNA uptaken by competent bacteria 
from their surroundings, is a significant pathway of HGT, which can facilitate the dissemination of ARGs and also a significant evo-
lution pattern of sensitive bacteria to ARB [6,7]. 
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Antibiotics and non-antibiotics have been demonstrated to drive the spread of existing and newly emerging ARGs [8,9]. However, 
the role of surfactants at environmental concentrations in the dissemination of ARGs through transformation in aquatic environment 
has not been well studied. Surfactants, composed of both hydrophobic and hydrophilic groups, have been widely used as wetting 
agents, foaming agents, emulsifiers, dispersants, detergents and co-formulant in products used in agriculture, because of their 
enrichment at interfaces, lowering of interfacial tension and micelle formation trait [10–13]. The global market size for surfactants was 
$41.3 billion in 2019, and is predicted to reach $58.5 billion by 2027 on basis of Allied Market Research. Moreover, the ongoing global 
public health emergency, COVID-19 pandemic, has conspicuously boosted the usage of surfactants containing products, such as hy-
giene, cleaning agents and disinfectants [14–18]. For instance, the sales of hand soaps, surfactants served as major active constituent, 
have been doubled since the declaration of COVID-19 pandemic in Britain, and the global soap market is expected to grow from 
$180.99 billion in 2020 to $302.25 billion by the end of 2030 [19]. A total of 430 commercial disinfectants were recommended by U.S 
Environmental Protection Agency to combat SARS-CoV-2 virus currently, and the dominate active ingredients for 52.1% of them are 
associated with surfactants like sodium dodecyl sulfate (SDS) and quaternary ammonium compounds (QACs) such as benzalkonium 
chloride (BAC) and cetyltrimethylammonium bromide (CTAB) (Fig. 1a). 

The broad application coupled with the ever-increasing surfactant consumption amid COVID-19 pandemic inevitably aggravate 
surfactant pollution. According to our summary, surfactants were common in surface water all over the world, and its concentration for 
26.4% of the observations is above 250 μg/L (Fig. 1b), and the surfactants in municipal or industrial wastewater effluents can reach 
levels up to mg/L (Fig. 1c). For example, the average concentrations of QACs in surface water and wastewater in Turkey have been 
revealed to be around 40 μg/L and 500 μg/L, respectively [20]. Comparatively, COVID-19 pandemic has resulted in much more 
discharge of surfactants into aquatic environment and significant increase of surfactant concentration in surface water can be surely 
expected [19]. According to a survey conducted in Slovakia, the surfactant contaminated surface water monitoring sites, where the 
surfactant content higher than 1 mg/L, had an increase of 24.5–36.0% in 2020 in contrast to 2019 [21]. Furthermore, the concen-
trations of surfactants in wastewater are estimated to increase by several times, since about 60% of the used surfactants were dis-
charged into aquatic environment [22–24]. It has been demonstrated that the concentration of QACs in wastewater treatment plant of 
Athens had a 331% increase in the lockdown conditions in 2020 compared with the data acquired under non-COVID-19 conditions 
[25]. 

A few recent studies showed that surfactants, similar to antibiotics, also have antimicrobial effects because of their solubilization of 
lipid membranes through electrostatic interaction, hydrophobic interaction as well as production of ROS [26–28]. In addition, sur-
factants can affect the mobility, stability, aggregation and vitality of bacteria as well as bacterial community structure [11,29]. The 
interactions between surfactants and bacteria make it a potential influence factor for gene transfer. We hypothesize that the prevalent 
and drastic rise of surfactants concentration during COVID-19 pandemic may exert significant effect on dissemination risk of ARGs in 
aquatic environment. A few relevant scientific questions need to be answered. (1) Whether the surfactants at environmental con-
centrations favor the HGT of ARGs via transformation or not? (2) If yes, what is the starting concentrations of surfactants that triggers 
the transformation? (3) Will the chargeability of surfactants impact the transformation of ARGs, and what is the dominant mechanism 
involved in effects of surfactants on ARG transformation? 

In order to clarify the above-mentioned questions, herein, the transformation experiments in the presence of typical surfactants 
(BAC, CTAB and SDS) were carried out using E. coli DH5ɑ and free plasmid pUC19 containing ampicillin resistance gene ampR as the 
competent recipients and the extracellular ARG donor, respectively. The bacterial transformation frequency and efficiency were 
calculated to test if surfactants at environmental concentrations could significantly promote the transformation of ARGs. The 

Fig. 1. (a) The classification of commercial disinfectants on the U.S EPA list to combat SARS-CoV-2 virus currently based on dominate active 
ingredients, which was redrawn from a previous study [14]. The type of various disinfectant and their proportion were displayed. The concen-
trations of surfactants in surface water (b) and wastewater treatment plants sewage (c) were re-displayed based on data from 55 published literature 
in the range of 1992 to 2020, and the detailed information are shown in supporting information (Table S1). 
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underlying mechanisms were also explored through analysis of reactive oxygen species (ROS), cell membrane permeability and 
confocal laser scanning microscope (CLSM). The present work may advance our understanding of the influence of universal surfactants 
on the spread of ARGs through transformation in the aquatic environment. 

2. Materials and methods 

2.1. Materials 

The competent E. coli DH5ɑ without resistance to ampicillin purchased from BeNa Culture Collection (BNCC353719) was used in 
this study, and pUC19 plasmid (2686 bp) having ampicillin resistance gene ampR, extracted from E. coli DH5ɑ (BNCC353848) per-
formed by Genewiz Inc, was selected as extracellular ARG (eARG) donor. Three typical surfactants namely benzalkonium chloride 
(BAC), sodium dodecyl sulfate (SDS) and cetyltrimethylammonium bromide (CTAB) were chosen because they were widely used in 
commercial disinfectants recommended by U.S EPA to fight against COVID-19, and the specific information of these surfactants are 
listed in supporting information (Table S2). DCF-DA (2′7′-dichlorofluorescein diacetate) ROS detection assay kit was purchased from 
Nanjing Jiancheng Bioengineering Institute. Propidium iodide (PI) and SOC medium were obtained from Sangon Biotech (Shanghai) 
Co., Ltd. pBBR1MCS2-Tac-EGFP plasmid was kindly provided by Dr Bingshen Liu. The transformation test was conducted in the filter 
(0.22 μm pore size membrane) sterilized surface water sampled from Shangtang River (120.1711◦E, 30.2986◦N), Hangzhou, China, 
with the chemical properties showed in Table S3. 

2.2. Effects of surfactants on bacterial growth 

E. coli DH5ɑ (BNCC353719), was inoculated into lysogeny broth (LB), incubated at 30 ◦C with shaking at 200 rpm, and the pre- 
cultured bacteria (OD600 = 0.6) was inoculated (3%, v/v) into fresh LB medium in order to record the growth curve of bacteria to 
illustrate the effects of surfactants on bacteria as described previously [30]. Briefly, 50 μL of bacterial cells at stationary phase was 
added to 5 ml of LB medium with various concentration of surfactants and the absorbance at 600 nm of the culture (30 ◦C, 200 rpm) 
under 24 h exposure were measured. 

2.3. Effects of surfactants on PCR amplification of ampR 

Amplicons of the ampR gene in pUC19 plasmid with the final DNA concentration of 12 ng/μL, in the presence of surfactants (0, 0.05 
μg/L, 1 mg/L, 25 mg/L), were quantified by means of QuantStudio 5 real-time PCR platform (Applied Biosystems, Massachusetts, 
USA), and the primers used for qPCR analysis of target ampR are given in Table S4. The threshold cycle (CT) of ampR gene under 
different concentration of surfactants were obtained to reveal their effects on amplification efficiencies. 

2.4. Zeta potential 

The zeta potential of pUC19 plasmid and bacterial cells in the absence/presence of surfactants were investigated by Zetasizer Nano 
ZS 90 (Malvern, Worcestershire, UK). 

2.5. Transformation assays 

Transformation assays were performed according to published protocols [31]. In general, 0.5 ml of E. coli DH5ɑ (BNCC353719) 
which has been cultured to stationary phase (~10 h) was taken and went through 10 fold dilution, after another cultural period of 3 h, 
2 ml liquid was sampled and chill-held for 10 min on ice, followed by 5 min centrifugation (4000 rpm, 4 ◦C). The obtained pellets were 
re-suspend in CaCl2 (0.1 M, ice-cold) and chilled for 20–25 min. Then the process of centrifugation and suspension were repeated. After 
that, 460 μL of the competent bacteria was mixed with 20 μL of pUC19 plasmid (10 ng/μL), 20 μL of surfactants, and the final con-
centration of plasmid was set as 0.4 ng/μL. The final concentration of surfactant was 0, 0.01, 0.05, 0.1, 0.25, 0.5, 0.75, 1, 2, 10 and 25 
mg/L, which cover the environmentally relevant concentrations in surface water and comparative higher concentrations occur in 
wastewater [32,33]. Thereafter, the reaction tubes were exposed to a 42 ◦C heat-shock for 90 s and a chilling-shock for 5 min. Then, the 
tubes were incubated at room temperature for 6 h. Following that, the mixtures were diluted using sterile PBS buffer solution and 
spread onto LB agar plates containing 10 mg/L ampicillin, and then incubated for 48 h to record the number of transformants. The 
number of recipient bacteria was obtained through spreading diluted mating mixtures onto non-ampicillin containing LB agar plates 
likewise. In addition, a negative control without introduction of pUC19 plasmid was also carried out following same protocols. The 
transformation frequency was calculated as follows [34]: 

Transformation frequency=
Number of transformants (CFU)

Number of culturable cells (CFU)

2.6. ROS assessment 

The generated intracellular ROS such as hydrogen peroxide, hydroxyl radicals, peroxynitrite after exposure to surfactants was 
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detected using a DCF-DA ROS detection assay kit through BD Accuri C6 Plus flow cytometer (BD Biosciences, San Jose, USA) with 
excitation at 488 nm and emission at 525 nm [35,36]. Boiled competent bacterial cells were used as negative control in the ROS 
measurement. 

2.7. Cell permeability assessment 

The cell membrane permeability were detected by staining with 30 μM PI and the fluorescence was quantified using BD Accuri C6 
Plus flow cytometer (BD Biosciences, San Jose, USA) with excitation at 488 nm and emission at 630 nm [37]. Boiled and untreated 
competent bacterial cells were used as controls for damaged and intact cell, respectively. 

2.8. CLSM observation 

A wide-host vector pBBR1MCS2-Tac-EGFP plasmid (5915 bp) with kanamycin resistance, was applied as cell free plasmid DNA to 
test the impacts of surfactants on plasmid transfer to E. coli DH5ɑ via transformation [38]. Because the green fluorescent protein (GFP) 
expression in pBBR1MCS2-Tac-EGFP contained E. coli DH5ɑ could emit GFP fluorescence under 440 nm excitation light. The obtained 
pBBR1MCS2-Tac-EGFP plasmid (3.55 μL, 36.47 ng/L) was mixed with 100 μL competent E. coli DH5ɑ induced by CaCl2 treatment to 
reach a final plasmid concentration of 1.25 ng/L. About 20 μL of surfactants was then added into the mixture to obtain solution with 
surfactants at concentrations of 0, 0.1 and 1 mg/L. The mixture was subsequently subjected to a 42 ◦C heat-shock (90 s) and a 
chilling-shock (5 min), and 200 μL of SOC sterile liquid medium was then added. After that, the mixture was cultured at 30 ◦C, 120 rpm 
for 6 h. At the endpoint of transformation assay, the mating mixtures at random locations was scanned using a CLSM (Zeiss LSM780, 
Jena, German) to reveal the occurrence of plasmid transfer. The acquired images were processed using Image-J (v1.52, NIH Image, 
US). 

2.9. Statistical analysis 

The similarity analysis (ANOSIM) with 999 permutations between groups was carried out using R 4.1.1 [39]. Principal coordinate 
analysis (PCoA) was performed using the phyloseq package in R 4.1.1 based on Bray-Curtis distance [40]. Bubble chart was obtained 
using origin 2021 (OriginLab Corporation, Massachusetts, USA). One-way analysis of variance (ANOVA) was conducted using IBM 
SPSS Version 26 to test the differences of transformation frequency, ROS generation and bacterial membrane permeability for sur-
factants treated samples under various concentration, as well as the calculation of pearson correlation coefficient. Concentration 
response relationships were modeled with Weibull-2 functions using origin 2021. 

y= a − (a − b)e(− kx)d 

Fig. 2. Fold changes of transformation frequency under CTAB (a), BAC (b) and SDS (c), respectively. The simulated changes in the fold change of 
transformation frequency with the increase of surfactant concentration are showed in (d), (e) and (f) respectively. 
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3. Results 

3.1. Concentration-dependent transformation induced by surfactants 

The transformation frequency of pUC19 plasmid as eDNA under surfactants (CTAB, BAC and SDS) exposure in the range of 0–25 
mg/L was displayed in Fig. S1a, and the fold change of transformation frequency was then calculated to compare the effects of sur-
factants on ARG transformation. The transformation frequency was significantly increased (p < 0.05) in the presence of 1–25 mg/L 
surfactants (Fig. 2a, b, c). Moreover, the increased transformation frequency displayed a concentration-dependent pattern, which is in 
accordance with Weibull-2 model (R = 0.78–0.99) (Fig. 2d, e, f). In this study, the turning points labelled as S1 and S3 refer to the 
object with slope of 0.05, and S2 is the point with maximum slope. The increase in transformation frequency started from 0.27 mg/L 
for CTAB, 0.34 mg/L for BAC and 0.25 mg/L for SDS, respectively. The maximum increase of transformation frequency reached 20.54- 
fold for CTAB, 8.63-fold for BAC and 13.51-fold for SDS, respectively in comparison with the spontaneous transformation frequency of 
the control. However, the transformation was not promoted with increasing surfactants after the concentration arrived at 17.71–22.93 
mg/L. The effects of surfactants on transformation are type-dependent (ANOSIM, R = 0.925, p = 0.001). PCoA based on the Bray-Curtis 
distances also support this idea, since the distribution of transformants under different type of surfactants were distinctly separated at 
the first axis (PC1), which explained 75.0% of the total variation (Fig. S1b). 

In addition, the effects of surfactants on bacteria and plasmid were also considered. The growth of E. coli DH5ɑ was not significantly 
affected for surfactants ranging from 0 to 2 mg/L. For surfactants at concentration of 2–25 mg/L, the transformation frequency showed 
a significantly increase trend in spite of the inhibited growth of E. coli DH5ɑ, which imply the horizontal transfer rather than vertical 
transfer contributed to the accumulation of transformants (Fig. 3a). The PCR amplification of ampR was not significantly influenced by 
various concentration of surfactants (p > 0.05) as well as surfactant type (ANOSIM, R = 0.188, p = 0.07), which exclude the damage of 
surfactants on plasmid to a certain extent (Fig. 3b). The stability of E. coli DH5ɑ and pUC19 plasmid were estimated based on zeta 
potential. Although, the negative surface charge of bacteria was slightly neutralized by cationic surfactants, the zeta potential of E. coli 
DH5ɑ under these three surfactants were in the range from − 30 to − 40 mV, which revealed the relatively homogeneous state of 
bacteria instead of aggregation (Fig. 3c). For pUC19 plasmid, the zeta potential of less negative charged plasmid was not significantly 
affected in the range of 0–1 mg/L (Fig. 3d). In case of 10 mg/L SDS, the negative charged plasmid comparable to bacteria could co-exist 
with bacteria stably through electrostatic repulsion, which also demonstrate the increased transformation was not driven by 
aggregation-mediated enhanced contact frequency between bacteria and plasmid. 

The successful uptake of plasmid by bacteria was confirmed through CLSM using plasmid pBBR1MCS2-Tac-EGFP and E. coli DH5ɑ, 
since the expression of acquired GFP in E. coli DH5ɑ could present bacterial GFP fluorescence in green. Compared with control 
(Fig. 4a), the increased bacterial GFP fluorescence indicated abundant transformants in the presence of surfactants, and the increase of 
fluorescent intensity of transformants reached 1.29–1.45-fold and 1.69–3.32-fold under 0.1 and 1 mg/L surfactants exposure, 

Fig. 3. The effects of surfactants on the growth of bacteria (a) and amplification of ampR gene embed in pUC19 plasmid (b). (c) and (d) are zeta 
potential of E. coli DH5ɑ and pUC19 plasmid in the presence of different concentration of surfactants, respectively. 
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respectively (Fig. 4a–d). 

3.2. Surfactants mediate the transformation via ROS and cell membrane permeability 

To explore the underlying mechanisms behind the surfactants mediated transformation, the ROS response and cell membrane 
permeability were determined. Generous generated ROS was detected after addition of 10–25 mg/L CTAB, BAC and SDS, respectively 
(Fig. 5a, b, c). According to the results of Weibull-2 fitting, the over-production of ROS happened from 0.39 mg/L for CTAB, 0.65 mg/L 
for BAC and 0.27 mg/L for SDS, respectively (Fig. 5d, e, f). At the concentration of 23.30 and 24.42 mg/L surfactatns, the maximum 
increase of ROS generation reached 2.86-fold and 3.44-fold for CTAB and BAC, respectively. In contrast, the maximum increase of ROS 
production (2.31-fold) arrived at 7.91 mg/L for SDS. The surfactants mediated increases in transformation frequency were signifi-
cantly related to the surfactant mediated increases of ROS generation (Fig. 5g, h, i). For CTAB treatment, the turning point for ROS 
over-production is around 0.39 mg/L, and ROS had little correlation (r = 0.15, p = 0.64) with transformation frequency in the presence 
of 0.01–0.25 mg/L CTAB. Nevertheless, the induced ROS exposed to 0.5–25 mg/L of CTAB significantly contributed to the enhanced 
transformation (r = 0.97, p = 0.001). 

The bacteria at competence state or with higher cell membrane permeability, which in favor of the uptake of plasmid is another 
widely reported mechanism for enhanced transformation. Here, the bacterial membrane permeability was not significantly affected for 
surfactants below 10 mg/L (Fig. 6a, b, c). This is similar with the results of Weibull-2 fitting. The increase of cell membrane 
permeability induced by surfactants displayed a hysteresis effect compared to ROS, until the dose increased to 1.36 mg/L for CTAB, 
4.19 mg/L for BAC and 0.83 mg/L for SDS, respectively, the bacterial membrane permeability was significantly influenced (Fig. 6d, e, 
f). A maximum of 35.23-fold under CTAB, 10.64-fold under BAC and 2.79-fold under SDS of cell membrane permeability was recorded, 
respectively. Similar to ROS over-production, the pearson correlation coefficient demonstrate that surfactants mediated increases in 
bacterial membrane permeability also significantly contributed to the increases in transformation (Fig. 6g, h, i). 

In addition, the relationship for ROS generation and cell membrane permeability was also explored in the present work (Fig. 7a–c). 
ROS response was illustrated to have a quick feedback for surfactants than cell membrane permeability, and the enriched ROS could 
result in the change of permeability of bacterial membrane. For instance, when the concentration of SDS increased to 0.27 mg/L, richer 
ROS was formed, but the bacterial membrane permeability was not significantly impacted. After the concentration of SDS increased to 
0.83 mg/L, the membrane permeability of bacteria started to raise. Moreover, the increased bacterial membrane permeability was 

Fig. 4. Typical CLSM images of E. coli DH5ɑ in the absence (a) or presence (b–d) of 1 mg/L surfactants, (b) CTAB, (c) BAC (d) SDS. E. coli DH5ɑ is 
fluorescence free under 440 nm excitation light, however, the GFP expression in pBBR1MCS2-Tac-EGFP contained transformants could emit GFP 
fluorescence. The normalized relative fluorescent intensity of transformants after addition of 0.1 and 1 mg/L surfactants are also presented (a). 
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significantly related to the over-production of ROS (p = 0.001) (Fig. 7c). 

4. Discussion 

Transformation has been clarified to be an important pathway of HGT [41]. As we know, the ubiquitous cell free DNA released from 
cell lysis is prone to bound with natural organic matter or minerals to stably exist for up to several months [42,43], and more than 80 
competent bacterial species, even between taxnomically different bacteria, are capable of in-taking extracellular DNA as nutrition or 
for DNA repair [31,44,45]. To the best of our knowledge, naturally transformable bacteria are widespread in the environment, 
wastewater, surface water and soil are all included [36,43]. In addition, some pathogens have been revealed with natural competence 
[46]. Unfortunately, the role of transformation in ARG dissemination is underappreciated, and this process is still not fully understood 
[47]. In terms of the widely used surfactants during COVID-19 pandemic, little is known whether the prevalent presented surfactant in 
the aquatic environment could accelerate natural transformation. 

In the present work, three surfactants (CTAB, BAC and SDS) ranging from 0.01 to 25 mg/L, were illustrated to significantly facilitate 
the transformation frequency of plasmid-borne ARGs into E. coli DH5ɑ. This is in contradiction with a previous report, where the 
ability of Acinetobacter baylyi BD413 to acquire extracellular DNA did not result prominently different in the absence and presence of 
heptamethyltrisiloxane on leaf disc [13] Furthermore, the fold change of transformation frequency induced by surfactants is up to 
20.54-fold increase for CTAB, 8.63-fold increase for BAC, and 13.51-fold increase for SDS at 25 mg/L, respectively (Fig. 8). Surfactants 
evoked transformation is comparable to that of antibiotics such as vancomycin and fosfomycin (2.0–6.0-fold increase) at 4 mg/L, and 
relatively higher than that caused by 60 mg/L of artificial sweeteners, 20 mg/L of chloramine, 10 mg/L of duloxetine, 0.02 mg/L of 
triclosan, 10 mg/L of ZnO nanoparticles, 50 mg/L of polystyrene nanoparticles, 50 mg/L of non-antibiotic pharmaceuticals and 1–10 
mg/L of antidepressants [35,36,48–53]. Even contrast to considerable high concentration of reagents, like 300 mg/L of sucralose 
(5.1-fold increase) and 3000 mg/L of CO2 (5.5-fold increase), surfactants could trigger greater transformation [54,55]. The 
concentration-transformation effects were further investigated with the help of Weibull-2 model. At concentration of 0.25–0.34 mg/L, 

Fig. 5. Fold change of ROS content under a variety of concentrations of CTAB (a), BAC (b) and SDS (c), d-f are the fitting results of concentration- 
ROS generation effects, g-f displays the relationship between ROS and transformation frequency. 
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the transformation frequency was significantly enhanced by surfactants. It should be noted that, surfactants at sub-microgram per liter 
concentration are common in wastewater. According to our summary based on the data collected from published papers as shown in 
Fig. 1c, the concentrations of surfactans for 65.4% of the observations are higher than 0.25 mg/L. For instance, the average 

Fig. 6. Fold change of cell membrane permeability under different concentrations of surfactants is present in a-c, d-f are the relationship between 
the fold change of cell membrane permeability and concentrations and their fitting, g-f shows the correlation between cell membrane permeability 
and transformation frequency. 

Fig. 7. The relationship between ROS generation and bacterial membrane permeability change in the presence of various concentration of CTAB 
(a), BAC (b) and SDS (c), respectively. 
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concentration of QACs in wastewater from Turkey sewage treatment plant is about 0.5 mg/L, which is adequate to initiate promoted 
transformation of ARGs [20]. It is also applicable for the strong contaminated surface water. It was found that, 26.9% of the surveyed 
wastewater had surfactant concentration of >0.25 mg/L. 

The underlying mechanisms for the promotion of transformation were explored in this work. The results of flow cytometer 
emphasize that, the surfactants mediated transformation is significantly associated with the surfactant mediated increases of ROS 
generation and cell membrane permeability (Figs. 5 and 6). ROS response is relative rapid process (triggered by surfactants in range of 
0.27–0.65 mg/L) and the accumulated ROS would eventually leading to the change of cell membrane permeability (triggered by 
surfactants in range of 0.83–4.19 mg/L). This is in line with previous research, the induced ROS overproduction (oxidative stress) is a 
major reason for the increased membrane permeability and bacterial competent state, which together significantly contribute to 
increased transformation [56,57]. 

Surfactants (CTAB, SDS and BAC) have been demonstrated to induce oxidative stress like ROS production in treated bacteria, and 
the caused production of ROS plays vital role in ARG transformation, the possible mechanisms were summarized as follows. First, the 
competence state of bacteria involved in ROS production, which favor the uptake of eDNA by crossing the cell outer membrane barrier. 
Bacterial DNA is susceptible to damage under extensive ROS exposure, competence-proficient bacteria can uptake DNA to repair the 
ROS-induced DNA damages in order to adapt better for survival [52,58]. The development of genetic competence is therefore proposed 
as a significant bacterial surviving strategy in response to stress [59]. Second, the increased uptake of plasmid and eDNA for E. coli are 
generally attributed to the appearance of pores on cell outer membrane and enhanced membrane permeability, which also aid in 
promoted ARG transformation [31,60]. The surfactants-increased cell membrane permeability and porosity could be associated with 
the oxidation of membrane lipids due to over-generation of ROS [61]. 

The chargeability of surfactants were assumed to linked with the transformation of ARGs. Whereas, the ARG transformation was 
both significantly enhanced in the presence of cationic surfactants such as BAC and CTAB and anionic surfactant SDS, and the 
facilitated transformation was not driven by aggregation-mediated enhanced contact frequency between bacteria and plasmid as 
demonstrated by zeta potential analysis. In summary, The amphotericit of surfactants seems to drive the transformation of ARGs, and 
further attention should be paid on the interfacial interaction between different functional groups of surfactants and bacteria, in order 
to decipher the influence mechanism of surfactants function groups on transformation of ARGs. 

It was worth noting that sub-microgram per liter concentration of surfactants are particularly common in developing countries. For 
instance, the Ganga river in India is extremely contaminated owing to laundry, bathing, sewage disposal, industrial waste discharge, 
with the concentration of surfactants ranging from 0.31 to 3.20 mg/L [62,63]. According to previous report, the concentration of 
surfactant in surface water in Bangladesh can reach 0.4–0.8 mg/L [64]. It should be noticed that, the surveyed surfactants in previous 
research are usually chosen from limited candidates. The number of surfactant type that exists in surface water in prevalence and their 
abundance is still not perfectly clear, and the content of surfactants are suggested to be seriously underestimated due to lacking of 
thoroughgoing analysis focusing on complete type of surfactants. Several reason are associated with the ubiquitous surfactants 
pollution for low-income countries. First, The discharge of laundry detergents into water is a considerable reason that increases the 
content of surfactant in aquatic environment, because laundry washing is usually conducted on river banks for rural areas in devel-
oping countries such as Africa [65]. Second, large amount of wastewater are discharged into surface water without treatment coupled 
with deficient wastewater treatment plants [66–68]. In fact, the removal of surfactants from wastewater is still a growing concern 
when take the prevalence and high toxicity of surfactants into consideration [69]. Third, prevailing wastewater irrigation in devel-
oping countries facilitate the severe water pollution, surfactants are also included [70]. 

Furthermore, the surfactants contamination seems to become aggravate under covid-19 pandemic in low-income countries, 
because of the increasingly consumed surfactants contained detergents and disinfectants [71]. In this instance, the surfactants induced 

Fig. 8. Comparison of the fold change of transformation frequency induced by studied surfactants (CTAB, BAC and SDS) with those of reported 
chemicals from previous research. 
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HGT of ARGs via transformation could significantly speed up the dissemination of ARGs, which may not only result in the formation of 
new ARB but also ARG harbouring pathogens or superbug. Bacterial antimicrobial resistance (AMR) is considered as a leading global 
health issue, which is responsible for the less effective performance of drugs for infections treatment [72]. About 4.95 million deaths 
were linked with bacterial AMR, and 1.27 million deaths were directly attributable to resistance globally in 2019 [73]. More strikingly, 
AMR is a particularly serious problem for some of the developing countries in the world given their poor medical conditions. For 
example, the highest rates of AMR burden was found in sub-Saharan Africa in 2019. If effective efforts can not be taken immediately, 
the growing AMR would aggravate the burden for fragile medical conditions. As a consequence, surfactants contamination and the 
effects of environmental surfactants on ARG propagation should be paid adequate attention, particularly in low-income countries. 

Here, the influence of surfactants on HGT via transformation was investigated based on pure culture experiment in lab based on the 
calculation of fold change of transformation frequency, and heat-shock induced competent bacteria was used as recipient. The specific 
physiological state of prokaryotes capable of taking up genetic material from their surroundings was defined as natural competence for 
transformation [74]. To the best of our knowledge, eARGs can be taken up by both competent and non-competent bacteria, and the 
higher cell membrane permeability and porosity for competent bacteria favors the uptake of eARGs [75]. It should be recognized that, 
the natural transformation occurred in the environment is distinguished from the present artificial interfered laboratory settings. 
Firstly, the effects of surfactants on non-competent recipient were not concerned in this study, however, non-competent and competent 
bacteria are both associated with transformation. Secondly, the present transformation assays only focused on one competent species, 
however, the aim of competence likely differs from one organism to another, and the influence of the ambient bacterial was also 
neglected. Thirdly, CaCl2 treatment and heat-shock was selected to produce competent bacterial as receptor, while this condition for 
this artificial mediated competence of bacteria is not prevalent in the environment. Therefore, further research are required to test 
whether surfactants can result in promoted transformation in naturally existing non-competent and competent bacteria community 
under environmental conditions. 

5. Conclusions 

The present study firstly investigated the effects of surfactatns (CTAB, BAC and SDS) at environmental concentration on trans-
formation frequency of plasmid-borne ARGs to E. coli DH5ɑ, and Weibull-2 model can provide further insights into the concentration- 
effect relationship for surfactants and transformation frequency, surfactants and ROS generation, surfactants and cell membrane 
permeability change. It was found that, surfactants at the commonly detected sub-microgram per liter concentration (0.25–0.34 mg/L) 
triggered HGT of ARGs via transformation, with a maximum increased transformation frequency of 13.51–22.93-fold. The underlying 
mechanism of enhanced transformation frequency is associated with surfactants induced ROS production as well as ROS-mediated 
promoted cell membrane permeability. This study highlight the critical role of widespread and increasingly consumed surfactants 
played in spread of ARGs through transformation. Our study implies that the widespread of surfactants in surface water may signif-
icantly speed up the propagation of antibiotic resistance, and these findings also extend our knowledge on the potential dissemination 
risk of ARGs. 
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