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ABSTRACT 20 

Due to the significant public health risks, there is substantial scientific interest in the increasing 21 

abundance of antibiotic-resistance bacteria (ARB) and the spread of antibiotic-resistance genes 22 

(ARGs) in aquatic environments. To clearly understand the mechanism of ARG transfer, this 23 

study examined the conjugative transfer of genes encoding resistance to cephalosporin (������) 24 

and polymyxin (mcr-1) from two antibiotic-resistant donor strains, namely E. coli DH5α (CTX) 25 

and E. coli DH5α (MCR), and to a streptomycin-resistant receptor strain (E. coli C600 (Sm)). 26 

Conjugative transfer was specifically studied under different light irradiation conditions 27 

including visible light (VL), simulated sunlight (SS) and ultraviolet light (UV254nm). Results 28 

show that the conjugative transfer frequency was not affected by VL irradiation, while it was 29 

slightly improved (2-10 fold) by SS irradiation and extremely accelerated (up to 100 fold) by 30 

UV irradiation. Furthermore, this study also explored the link between ARG transfer and stress 31 

conditions. This was done by studying physiological and biochemical changes; oxidative stress 32 

response; and functional gene expression of co-cultured AR-E. coli strains under stress 33 

conditions. When correlated with the transfer frequency results, we found that VL irradiation 34 

did not affect the physiological and biochemical characteristics of the bacteria, or induce 35 

oxidative stress and gene expression. For SS irradiation, oxidative stress occurred slowly, with 36 

a slight increase in the expression of target genes in the bacterial cells. In contrast, UV 37 

irradiation, rapidly inactivated the bacteria, the degree of oxidative stress was very severe and 38 

the expression of the target genes was markedly up-regulated. Our study could provide new 39 

insight into the underlying mechanisms and links between accelerated conjugative transfer and 40 

oxidative stress, as well as the altered expression of genes relevant to conjugation and other 41 
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stress responses in bacterial cells. 42 

Keywords: Antibiotic-resistance genes; Antibiotic-resistance bacteria; Conjugative transfer; 43 

Stress response; Light irradiation 44 

1. Introduction 45 

In recent decades, the increasing abundance of antibiotic resistance in the environment 46 

and the spread of antibiotic-resistance genes (ARGs) have drawn increased attention due to 47 

their significant public health risks (Bouki et al., 2013; Taylor et al., 2011; Walsh et al., 2011). 48 

Antibiotic-resistance bacteria (ARB) and ARGs have been found in various environments, 49 

especially in aquatic systems (Di Cesare et al., 2016; Jia et al., 2017), which act as reservoirs 50 

and conduits for the spread of both ARB and ARGs (Munir et al., 2011; Schwartz et al., 2003). 51 

Antibiotic overuse has been established as a factor associated with the outbreak of antibiotic 52 

resistance (Christou et al., 2017; Zhang et al., 2017). 53 

Horizontal gene transfer (HGT), which is usually necessary for competitive bacteria to 54 

evolve in the environment, is one of the major drivers for the dissemination of ARGs (Erickson, 55 

2001; Huddleston, 2014; Kruse and Sørum, 1994). There are three main mechanisms of HGT: 56 

transformation, transduction and conjugation (Heuer and Smalla, 2007). The latter is thought to 57 

be the most frequent and efficient mechanism for gene transfer in the environment, including 58 

ARGs (Bellanger et al., 2014; Dang et al., 2017; Erickson, 2001; Sørensen et al., 2005) thus 59 

contributing to the spread of ARGs among bacteria (Zhang et al., 2017). 60 

Recent studies have demonstrated bacterial ARG transfer can be enhanced by different 61 

environmental and chemical stressors, including chlorination (Guo et al., 2015), nano-materials 62 

(Qiu et al., 2012), antibiotics (Zhang et al., 2017) and organic contaminants (Jiao et al., 2017). 63 
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This genetic transfer among the bacterial cells is usually induced by stressors, such as 64 

antibiotics (Beaber et al., 2004; Jutkina et al., 2016), metals and biocides (Seier-Petersen et al., 65 

2014). Further evidence indicates that the horizontal transfer of ARGs between bacteria is 66 

induced by antibiotics and occurs via broadly conserved cellular response pathways, such as 67 

those involved in reactive oxygen species (ROS) response systems (Beaber et al., 2004) and 68 

the SOS response (Andersson and Hughes, 2014; Beaber et al., 2004). The involvement of 69 

these cellular pathways and mechanisms raise important questions about the possible role of 70 

other environmental factors in ARG transmission. 71 

Due to the issues described above, there is increasing interest in studying the effects of 72 

environmental factors on the transfer of ARGs. In the natural environment, bacteria encounter a 73 

myriad of stressors, among which light could be one of the most important factors affecting the 74 

survival of enteric bacteria in the aquatic environment during the daytime (Clerc and Simonet, 75 

1996). Although there are many studies focused on the spread of ARGs by conjugative transfer 76 

in environmental matrices (Bellanger et al., 2014; Dröge et al., 1999), it is still unclear how 77 

light irradiation may affect their conjugation transfer frequency and the mechanism by which it 78 

triggers oxidative stress responses or alters gene expression. Furthermore, the possible 79 

correlations between them are unknown.  80 

Therefore, the main objective of this study was to investigate the mechanisms of ARG 81 

conjugative transfer under different types of light irradiation. A comprehensive study was 82 

conducted by exposing ARB and antibiotic-susceptible bacteria (ASB) to different light 83 

irradiation. This was done by (1) studying the physiological and biochemical changes in the 84 

ARB and ASB; (2) quantifying the expression of different genes, including those involved in 85 
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oxidative stress regulation, cell repair, DNA repair, conjugation and antibiotic resistance; (3) 86 

analyzing the bacterial oxidative stress response (including the ROS content and activity of 87 

antioxidant enzymes) in both bacterial strains; and (4) studying the change in frequency of 88 

ARG transfer. The objective of this study was to reveal the link between the ARG conjugative 89 

transfer efficiencies and bacterial stress conditions in the aquatic environment by investigating 90 

the effects of different light irradiations on conjugative transfer. 91 

2. Materials and methods 92 

2.1. Bacterial strains and culture conditions 93 

All the strains used in this study are listed in Table S1. The two donor strains were E. coli 94 

DH5α (CTX), which harbors a plasmid containing the ������ gene that confers resistance to 95 

cephalosporins, and E. coli DH5α (MCR), which harbors a plasmid containing the mcr-1 gene 96 

that confers resistance to polymyxin B. These two plasmids belong to the transferable plasmid 97 

of IncI2. Both strains were cultured in Luria-Bertani (LB) medium supplemented with 98 

cefotaxime (16 µg mL-1) and polymyxin B (8 µg mL-1), respectively. The recipient strain (E. 99 

coli C600 (Sm)) was grown in LB supplemented with 3000 µg mL-1 of streptomycin (Sm). In 100 

this case, resistance to streptomycin was encoded within the bacterial genome. Prior to the 101 

ARG transfer experiments, the susceptibility of the recipient strain was validated based on its 102 

inability to grow on plates containing cefotaxime (16 µg mL-1) and polymyxin B (8 µg mL-1). 103 

Bacteria were cultured by inoculating 1 mL of frozen stock culture (-80°C) into 100 mL of 104 

sterile LB broth. Cultures were grown at 37°C for 18 h under continuous agitation in a rotating 105 

shaker until growth approached the logarithmic phase, which was defined as an optical density 106 

at 600 nm (OD600) between 1.8 to 2.0, as measured by microplate readers (Varioskan LUX; 107 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

6 
 

Thermo Fisher Scientific, USA). The logarithmic phase bacteria were then centrifuged at 8000 108 

rpm for 2 min. The supernatant was discarded and the cell pellet was rinsed twice with a 109 

sterilized natural saline solution (0.9% NaCl, pH = 7.2). The pellet was then resuspended in 110 

natural saline solution to an OD600 of 0.1, which represented approximately 108 colony-forming 111 

units (CFU) mL-1. A stability curve was created for each of the bacteria in natural saline to 112 

assess the viability and potential growth throughout the experimental process (An et al., 2017). 113 

2.2. Light sources 114 

Three different light sources were used in this study, namely visible light (VL), simulated 115 

sunlight (SS) and ultraviolet light (UV254nm). An LED light (PerfectLight, Inc., Beijing, China) 116 

was used as the VL source, while a 300 W xenon lamp (PerfectLight, Inc.) coupled with a 117 

sunlight simulated filter was used as the SS source. For the VL and SS, the irradiance spectra 118 

were measured using a spectrometer (USB 2000+, Ocean Optics Inc., USA) and the fluence 119 

rate (irradiance) was 60 mW cm-2. A low voltage mercury lamp (single-wavelength germicidal, 120 

peak wavelength 254 nm; Trojan Technologies Inc., Canada) was used as the UV source. The 121 

fluence rate was determined using a UVX Radiometer with a UVX-25 (UV254) sensor (UVP, 122 

LLC), which was calibrated by the manufacturer to the National Institute of Standards and 123 

Technology specifications. The fluence rate was set at approximately 4 µW cm-2. The samples 124 

were exposed to a range of UV doses (0-2.88×104 µW s cm-2) by varying the exposure time 125 

from 0 to 120 min. The spectra of the three light sources are shown in Fig. S1. Pictures of the 126 

three reactors are shown in Figs. S2, S3 and S4. 127 

2.3. Scanning electron microscopy (SEM) and detection of reactive oxygen species 128 

Preparation of the SEM samples is outlined in the SI and was similar to the procedure 129 
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described in our previous work (Sun et al., 2014).  130 

To explore whether light irradiation affects ARB at a molecular level, intracellular ROSs 131 

were quantified using the fluorogenic dye 2′,7′-dichlorofluorescein diacetate (DCFH-DA) 132 

(Invitrogen, Carlsbad, USA). This method has been used for similar purposes in other studies 133 

(Sun et al., 2016; Sun et al., 2014). Briefly, bacterial suspensions (approximately 108 CFU mL-1) 134 

were stained with DCFH-DA (final concentration 1 mM) for 20 min at 37°C in the dark. The 135 

suspensions were gently shaken before and after photo-irradiation, as described above. The 136 

bacterial pellets were washed twice with 1 × phosphate buffer solution (PBS) and then 137 

re-suspended in a sterilized natural saline solution. The treated samples were pipetted into a 138 

microplate to measure the fluorescence at 525 nm with the excitation wavelength set at 488 nm. 139 

The ROS production level for each light irradiation treatment was normalized to that of the 140 

control samples at the initial time (0 min). All experiments were conducted at least in triplicate. 141 

The relative ROS levels were expressed in terms of fluorescence intensity. The detailed 142 

protocol of the fluorescent assay is provided in the SI. 143 

2.4. Enzymatic activity assays  144 

Enzymatic assays were conducted to determine catalase (CAT), superoxide dismutase 145 

(SOD) and glutathione peroxidase (GSH-Px) activities. Cells, harvested from 1.5 mL of 146 

bacterial suspension, were lysed using 100 µL of B-PER® Bacterial Protein Extraction Reagent 147 

(Pierce Biotechnology, USA). The lysate was centrifuged at 12000 rpm for 2 min. The 148 

supernatant was then used to measure CAT, SOD and GSH-Px activity with the Catalase Assay 149 

Kit (Beyotime Institute of Biotechnology, China), Superoxide Dismutase Assay Kit (Cayman 150 

Chemical, USA) and Glutathione Peroxidase Assay Kit (Nanjing Jiancheng Bioengineering 151 
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Institute, China), respectively, following manufacturer’s instructions. Details of the assay 152 

procedures are summarized in the SI. 153 

2.5. Evaluation of the mRNA gene expression  154 

Total RNA was extracted from the bacterial samples at different light irradiation intervals 155 

using RNAiso Plus (TaKaRa, Dalian, China). The RNA was then transcribed into cDNA using 156 

the PrimeScript™ Reverse Transcriptase kit (TaKaRa) following manufacturer’s instructions. 157 

Real-time polymerase chain reaction (RT-PCR) was used to quantify the expression of genes 158 

involved in oxidative stress regulation (oxyR, rpoS, soxR, soxS, marA, ompR, osmC, osmY), 159 

cell repair (basS, cusC, mdtB, motA, yiaD), DNA repair (mukB, radA, recF, recJ, recA, rpoD, 160 

rpoH, ruvB, lexA, rcsC) and conjugation (tesB, ftsY, gspE), which respectively represents lipid 161 

synthesis, cell differentiation and signal transduction genes, while the differential expression of 162 

bacterial transcription indirectly reflects the changes in ARG transfer and ARGs (������, mcr-1). 163 

The 16S rRNA gene was used as an internal control for data normalization. RT-PCR was 164 

performed with SYBR Green I (TaKaRa) in a RT-PCR thermal cycler (CFX 96; Bio-Rad, 165 

Hercules, CA, USA).  166 

The primers used in this study are listed in Table S2. The RT-PCR mixtures (25 µL) 167 

consisted of 12.5 µL of 2 × SYBR Premix Ex Taq (TaKaRa), 0.75 µL of each primer (10 µM 168 

final concentration), 1 µL of cDNA template and 10 µL of distilled H2O. The thermal cycler 169 

amplification profile was 95°C for 30 s, followed by 40 cycles of 95°C for 45 s, 60°C for 45 s, 170 

a melting curve analysis at 95°C for 15 s, and, finally, annealing at 60°C for 1 min. Each 171 

experiment was conducted at least in duplicate. The mRNA expression levels of conjugation 172 

related-genes were calculated using the 2-△△CT method as follows (Lin et al., 2016): 173 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

9 
 

△Ct = Ct(Functional genes) - Ct(16S rRNA gene) 174 

△△Ct = △Ct(Irradiation) - △Ct(Control) 175 

FC(fold change) = 2-△△Ct 176 

where the Ct value is the cycle threshold and the functional genes are those mentioned above. 177 

No irradiation was added for the control group. 178 

2.6. Establishment of conjugative transfer models 179 

A conjugative transfer model was established to evaluate the conjugative transfer of ARGs 180 

under different light irradiations. First, the donor strains E. coli DH5α (CTX) or E. coli DH5α 181 

(MCR) were re-suspended in separate sterile natural saline solutions, and one of the two strains 182 

was exposed to different light irradiation. For UV irradiation, donor cells were mixed with 183 

recipient cells (E. coli C600 (Sm)) at a 1:1 ratio (1 mL each) at different time points (0-120 184 

min). All steps were carried out in the dark to prevent photoreactivation. The mixtures were 185 

cultured at 37°C for 16 h with continuous shaking (150 rpm). For SS and VL irradiation, donor 186 

cells re-suspended in sterile natural saline were exposed to SS or VL irradiation at different 187 

time points between 0-480 min. Re-suspended donor and recipient cells were mixed at a 1:1 188 

ratio (1 mL each) and then cultured under the same conditions as described for UV-irradiated 189 

cultures.  190 

To optimize the conjugative transfer models, single-factor experiments were conducted to 191 

optimize the cell concentration (104, 105, 106, 107, 108, 109 and 1010 CFU mL-1), 192 

donor/recipient ratios (1:1, 1:3, 1:5 and 1:7) and mating times (4, 6, 16, 18 and 24 h) (Fig. S5). 193 

Next, bacterial growth curves were prepared to optimize mating time (Fig. S6). All donor and 194 

recipient bacteria were incubated at 37°C under shaking at 200 rpm for 18 h.  195 
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2.7. Transconjugant identification 196 

After mating for 16 h, separate 2 mL subsamples were collected from donor and recipient 197 

sample mixtures. The cultures were serially diluted and spread on LB medium plates 198 

containing 10 g L-1 agar and different antibiotics. The transconjugants of the donor strain (E. 199 

coli DH5α (CTX)) were selected on LB plates supplemented with 16 µg mL-1 CTX and 3000 200 

µg mL-1 Sm. The transconjugants of the donor strain (E. coli DH5α (MCR)) were selected on 201 

LB plates containing 8 µg mL-1 PB and 3000 µg mL-1 Sm.  202 

The data represents the average colony counts (CFU mL-1) from triplicate plates and all 203 

figures include error bars. Differences in colony counts across replicate experiments never 204 

exceeded 10%. The limit of detection for the plating assay was 10 CFU mL-1. All bacterial 205 

activity experiments were performed in duplicate. The frequency of conjugative transfer is 206 

expressed as the number of transconjugant cells per recipient cells. This frequency was 207 

calculated using the following equation: 208 

 Frequency	of	conjugative	transfer =
����� 	!"	# $%&'!%(�)$%#&

����� 	!"	 �'*+�%#&
 209 

where the unit of bacterial cells is CFU mL-1. 210 

2.8. Statistical analysis 211 

One-way analysis of variance (ANOVA) was used to determine significant differences in 212 

the frequency of conjugative transfer under different light irradiation at a significance level of P 213 

= 0.05. A result was considered significant if p < 0.05, and highly significant when p < 0.01, 214 

according to previous work (Zhang et al., 2017). The activation and relative ROS generation 215 

concentrations, as well as anti-enzyme activities of antibiotic-resistance strains, were all 216 

replicated three times, and results are expressed as the mean ± standard deviation. 217 
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3. Results 218 

3.1. Inactivation effects under different light irradiation 219 

To evaluate the bactericidal activity of different light sources, time-killing curves were 220 

plotted for ARB (E. coli DH5α (CTX) and E. coli DH5α (MCR)) and ASB (E. coli DH5α) 221 

irradiated with the three different light sources. Under VL irradiation, there was no significant 222 

change in cell concentrations for the three strains (Fig. 1a), suggesting that VL does not have 223 

an inactivation effect on ARB and ASB. This result was further confirmed using SEM (Fig. S7). 224 

During VL irradiation, the cells had a solid rod shape and maintained a full and smooth surface, 225 

without exhibiting significant surface and microstructure changes. This outcome was identical 226 

to that observed for the untreated bacterial cells (Fig. S7), indicating that VL stimulation did 227 

not appear to damage the bacteria. 228 

Under SS irradiation, the cell concentrations of the tested bacterial strains initially 229 

remained steady during the early period of SS stimulation (60 min of shoulder length), which is 230 

similar to VL irradiation (Fig. 1b). In comparison, ASB was inactivated more quickly than the 231 

two ARBs, suggesting that the bacteria carrying ARGs are more resistant to external stress than 232 

the tested ASB (E. coli DH5α). Moreover, when the irradiation time was extended to 360 min, 233 

the ASB showed an even more significant reduction in cell concentrations (5-log). Furthermore, 234 

SEM images of the bacterial cells irradiated under SS show that long-term SS irradiation could 235 

lead to significant damage to the bacterial cells, with deeper sinking and shriveled cell walls 236 

observed for all tested bacterial strains (Fig. S7).  237 

UV irradiation exhibited superior inactivation when compared to VL and SS irradiation 238 

(Fig. 1c). All bacterial strains were quickly inactivated by UV radiation after the initial 10 min 239 
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exposure (Fig. 1c). After 120 min of UV irradiation, the cell concentration was reduced up to 240 

5-log for all tested strains. Compared with SS irradiation, the bacteria were more strongly 241 

affected under UV irradiation, and their shoulder period (an initial smooth decay period at the 242 

beginning period of the reaction, bacteria remained alive with activity intact) (Nie et al., 2014) 243 

(10 min of shoulder length) were much shorter. It is likely that the mechanisms causing 244 

bacterial damage are quite different between SS and UV irradiation, in which the latter induces 245 

DNA damage. Furthermore, SEM images show that UV irradiation caused time-dependent 246 

damage to cells of all tested strains (Fig. S7). Some cells exhibited a slight collapsed 247 

appearance within 60 min of irradiation, while cell ends were deeply dented after 120 min 248 

irradiation. When UV irradiation was prolonged to 180 min, cells experienced a more severe 249 

damage. Thereafter, intact cell walls began to shrink and the cells collapsed.  250 

Furthermore, the bactericidal effects of UV irradiation on the three bacterial strains were 251 

compared to VL and SS irradiation within a 120 min treatment period. The inactivation 252 

efficiencies varied among the E. coli strains (Fig. 1d). In particular, the reduction of ARB and 253 

ASB concentrations reached 99.9% under UV irradiation within 120 min, while none of the 254 

tested bacterial strains were easily inactivated by VL irradiation. Furthermore, ARB, especial E. 255 

coli DH5α (CTX), were more resistant to all forms of tested light irradiation. 256 

3.2. Stress response under different light irradiation 257 

Generally, intracellular ROSs are considered to be responsible for oxidative stress, which 258 

leads to oxidative damage of DNA, enzymes and other cell components (Sun et al., 2014). 259 

Furthermore, the formation of intracellular ROSs subsequently induces the generation of 260 

various antioxidant enzymes that can catalyze the conversion and detoxification of •O2
- and 261 
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H2O2 (Cabiscol et al., 2000; Farr and Kogoma, 1991; Fraud and Poole, 2011) to relieve 262 

oxidative stress. Among these enzymes, catalase (CAT), a type of bacterial antioxidant enzyme, 263 

breaks down H2O2 to H2O and O2 (Farr and Kogoma, 1991), while superoxide dismutase 264 

(SOD), converts superoxide into hydrogen peroxide and other hydrogen peroxides (Das et al., 265 

2012; Holovska et al., 2002). Glutathione peroxidase (GSH-Px) is mainly used to remove 266 

intracellular ROSs and works together with SOD and CAT to reduce and prevent the oxidative 267 

effects of ROSs (Cabiscol et al., 2000). Therefore, the effect of light irradiation on the level of 268 

intracellular ROS formation was monitored using the fluorescent probe DCFH-DA. Results 269 

show that intracellular ROS levels remained steady throughout the 420 min of VL irradiation 270 

(Fig. S8a).  271 

During the SS irradiation process, an initial increase and then a subsequent decrease in the 272 

relative levels of intracellular ROS were observed for three tested bacterial strains. Similar 273 

trends in ROS levels were observed for both ARB and ASB (Fig. 2a). These results indicate 274 

that oxidative stress increased gradually until it reached a maximum after 300 min of SS 275 

irradiation. The cells were then damaged and subsequently ruptured due to the ROS produced 276 

in response to continuous SS irradiation. These outcomes were clearly demonstrated by the 277 

decrease in intracellular ROS when some bacterial cells were inactivated within 300 min. A 278 

similar result was obtained in our previous study (Sun et al., 2014). Furthermore, the 279 

intracellular ROS levels in E. coli DH5α (CTX) cells were higher than those in E. coli DH5α 280 

(MCR) cells, which were both higher than the levels in the ASB E. coli DH5α cells.  281 

During the UV irradiation process, the intracellular ROS levels continuously increased in 282 

both ARB throughout the 120 min UV irradiation process (Fig. 3a), thereby demonstrating that 283 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

14 
 

UV continuously stimulates the production of ROS in these bacterial cells. In contrast, unlike 284 

the ARB, there was no significant change found in the ASB cells. It may be that UV induced 285 

more significant and direct DNA damage in the ASB than the inactivation mediated by the 286 

generated ROS. 287 

In addition, the induced ROSs, such as H2O2, •O2
- and •OH, in the bacterial cells might 288 

elicit production of antioxidant enzymes, including SOD, CAT and GSH-Px. To further 289 

determine if oxidative stress occurred in the bacterial cells during VL stimulation, the activities 290 

of CAT, SOD and GSH-Px were tested. No changes were observed for CAT (Fig. S8b), SOD 291 

(Fig. S8c) and GSH-Px (Fig. S8d) activities under VL irradiation, which is consistent with the 292 

findings of the bactericidal ability and intracellular ROS generation analysis. 293 

In contrast to VL irradiation, the SOD activities in the three tested strains slightly 294 

increased with increasing SS irradiation time (Fig. 2b). Conversely, the activity of CAT 295 

continuously increased during the initial SS irradiation period (120 min for E. coli DH5α 296 

(MCR) and 180 min for E. coli DH5α (CTX)), and then decreased thereafter (Fig. 2c). At 297 

longer irradiation times, a decrease in CAT activity and a rapid increase of photo-inactivation 298 

efficiency was observed. Furthermore, the time required to achieve maximal CAT activity was 299 

substantially shorter for E. coli DH5α (MCR) than for E. coli DH5α (CTX), indicating that E. 300 

coli DH5α (MCR) is less resistant to H2O2. These results agree with those of the bactericidal 301 

activity (Fig. 1b). Moreover, the activity of GSH-Px in E. coli DH5α cells only increased 302 

during the first 30 min, whereas there were no changes in activity for the two ARB cells (Fig. 303 

2d).  304 

Under UV irradiation (Fig. 3b), increased SOD activity in E. coli DH5α (CTX), E. coli 305 
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DH5α (MCR) and E. coli DH5α was observed for the initial 10 min of light stimulation and 306 

then the activity continuously decreased thereafter. Similarly, CAT activity for E. coli DH5α 307 

(CTX) and E. coli DH5α (MCR) cells quickly increased during the initial 10 min and then 308 

decreased over a prolonged irradiation time (Fig. 3c). In contrast, the CAT concentration in the 309 

E. coli DH5α cells did not change during the initial stage; however, it did gradually decrease as 310 

the reaction time lengthened. Furthermore, the GSH-Px activity in the three bacterial strains 311 

tended to increase at different levels within different time periods (Fig. 3d). 312 

3.3. Gene expression under different light irradiation 313 

Generally, under an antibiotic regime (Andersson and Hughes, 2014) or UV disinfection 314 

(Lin et al., 2016), normal bacterial function during aerobic respiration can be directly or 315 

indirectly disrupted through over-generation of ROS (Zhang et al., 2018). This subsequently 316 

induces DNA damage or alters other cellular components, thereby compromising DNA and 317 

cellular membrane integrity. Thus, to articulate the underlying mechanisms used by the three 318 

bacterial strains to counteract the inactivating effects of light irradiation, we examined gene 319 

expression related to stress response, cell repair, DNA repair and conjugative transfer. The 320 

expression of all tested genes is illustrated as a heat map (Fig. 4). The results show that there 321 

was a downregulation of gene expression when the bacteria were exposed to VL irradiation as 322 

compared with no light irradiation.  323 

Under SS irradiation (Fig. 4), most of the tested genes were upregulated in E. coli DH5α 324 

within the initial 240 min and then they were subsequently downregulated. In comparison, 325 

within the first 240 min, most of the tested genes, including the stress response related genes 326 

and cell repair genes, were upregulated 2-5-fold in E. coli DH5α (CTX) and slightly 327 
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upregulated in E. coli DH5α (MCR).  328 

Under UV irradiation (Fig. 4), almost all tested genes in E. coli DH5α were 329 

downregulated during 120 min treatment. In contrast, most of the tested genes in E. coli DH5α 330 

(CTX) and E. coli DH5α (MCR) were upregulated 2-10-fold following different UV irradiation 331 

times. The first difference was in the shoulder period between the two ARB when exposed to 332 

UV irradiation (Fig. 1c). The second difference was due to differing resistance mechanisms 333 

(Harris, 1992), as the antioxidative enzymes have different abilities to respond to oxidative 334 

stress (Fig. 3b, 3c and 3d). 335 

3.4. ARG transfer under different light irradiation 336 

Under VL irradiation, bacterial inactivation did not occur within 480 min exposure (Fig. 337 

S9a). This might ensure the number of ARGs up to the threshold for its successful conjugation, 338 

since the number of the potential ARG donors and recipients are directly related to the 339 

variation in conjugation transfer efficiency (Davies and Davies, 2010; Erickson, 2001; 340 

Sørensen et al., 2005). Prior to the conjugative-based cellular experiments conducted in this 341 

study, the optimized conditions (mating time, 16 h; donor/recipient ratio, 1:1; and bacterial 342 

concentration, 108-109 CFU mL-1) (Fig. S5) were attained and then used for all subsequent 343 

conjugative experiments. The frequency of conjugative transfer (FCT) increased slightly 344 

during the early period of VL stimulation, while there was no obviously accelerated effect on 345 

the efficiency of conjugative transfer when the overall trend was taken into consideration (Fig. 346 

5a). 347 

Under SS irradiation, gene expression analysis confirmed that all bacterial strains elicited 348 

a clear stress response and a high expression of stress response-related genes. To verify the 349 
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effect of SS irradiation on ARG transfer, we evaluated the conjugative transfer between ARB. 350 

The FCT from E. coli DH5α (CTX) to E. coli C600 (Sm) decreased during the early period 351 

(60-120 min) of SS stimulation and then increased by 2- to 10-fold after 180 min, when 352 

compared to 0 min of SS irradiation (Fig. 5b). The decreased FCT during 60-120 min might be 353 

explained in that the bacteria suffered from a sudden initial stimulation and elicited general 354 

stress responses to survive, where the phenotypic traits could be blocked caused by persistence 355 

of growth impairment (Mitchell et al., 2009). In contrast, there was a slight change in the 356 

efficiency of conjugative transfer from E. coli DH5α (MCR) to E. coli C600 (Sm). The data 357 

indicates that SS irradiation enhances conjugative transfer but operates differently depending 358 

on the plasmid involved. 359 

To further reveal the relationship between ARG conjugative transfer and the stress 360 

response, we evaluated ARG transfer following exposure to UV irradiation. The FCT from E. 361 

coli DH5α (CTX) to E. coli C600 (Sm) significantly increased by approximately 10- to 362 

100-fold when compared with the control (Fig. 5c). The FCT from E. coli DH5α (MCR) to E. 363 

coli C600 (Sm) increased by 10- to 60-fold, when compared with the levels observed with SS 364 

irradiation. This data indicates that UV irradiation can dramatically promote ARG conjugative 365 

transfer. 366 

4. Discussion 367 

Recent studies have found that horizontal gene transfer of ARGs could be induced through 368 

the conserved ROS pathway of the bacterial intracellular and SOS response (Andersson and 369 

Hughes, 2014; Beaber et al., 2004). We thus hypothesized that the generation of intracellular 370 

ROS, which is also related to bacterial oxidative stress as well as other stress genes, may 371 
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facilitate the transfer of ARGs via conjugation. To test the hypothesis that light irradiation 372 

affects horizontal gene transfer by altering cellular response pathways, such as regulating 373 

changes in gene expression induced by ROS, we evaluated the inactivation effect of ARB and 374 

ASB; the generation of intracellular ROS; stress response-related gene expression; cell repair; 375 

DNA repair; and conjugative transfer under different light irradiation. 376 

The inactivation effect of ARB and ASB under different light irradiations was evaluated 377 

first. It was found that bacterial inactivation only occurred within the UV portion of the 378 

spectrum. Since UV can directly penetrate the intact bacterial cell wall, it can then be absorbed 379 

by nucleobases, such as DNA and RNA (Connerkerr et al., 1998; Guo et al., 2015), thereby 380 

causing significant damage to the DNA and interfering with its function. Thus, it is reasonable 381 

that VL irradiation, which is not within the UV spectrum, cannot cause damage to either ARB 382 

or ASB. Conversely, SS, which contains a portion of light in the UV spectrum, could cause 383 

higher bactericidal efficiencies than VL. Comparatively, pure UV irradiation exhibited the 384 

highest inactivation activity and caused more severe damage to the bacterial cells, as shown by 385 

the SEM images. Further research found that the ARB were more resistant to VL irradiation 386 

than the ASB, possibly because ARGs could confer some advantages to the bacteria that are 387 

not only relevant to antibiotic resistance but also to bacterial stress responses or adaptive 388 

effects (Hershberg, 2017). Based on the substantial inactivation effect elicited by light 389 

irradiation, especially UV irradiation, it can be inferred that bacteria experience extreme stress 390 

during the entire light irradiation process. 391 

In this study, during the VL irradiation process, no changes in intracellular ROS 392 

concentrations were observed, indicating that the bacteria maintained their normal state and no 393 
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oxidative stress occurred. Unlike the VL irradiation process, SS irradiation induced an initial 394 

increase and then a subsequent decrease in the relative levels of intracellular ROS. Furthermore, 395 

the intracellular ROS levels of the ARB were higher than those of the ASB, which is consistent 396 

with the results of the inactivation effect. This may be because the ARB are more resistant to 397 

oxidative damage caused by the induced ROSs than ASB. In addition, a similar phenomenon to 398 

VL irradiation was observed for the intracellular ROS levels of ARB and ASB under UV 399 

irradiation, although the trends were different. Dunlop et al. reported similar results, in that 400 

antibiotic-resistance E. coli could withstand the initial concentration of ROS that was generated 401 

by a photocatalysis to a greater extent than antibiotic-sensitive E. coli (Dunlop et al., 2015). 402 

Nevertheless, the reasons for the differences between ARB and ASB are unclear and need 403 

further investigation. 404 

The evolution of antioxidant enzyme activities was also investigated under different light 405 

irradiation. No changes on CAT, SOD and GSH-Px activities were observed during the VL 406 

irradiation process. In contrast, the activities of the three enzymes increased in all three 407 

bacterial strains during the SS irradiation process, although their trends were different. The 408 

slight increase in SOD activities may be due to the limited amount of generated •O2
- in the 409 

bacterial cells, and •O2
- was not the main ROSs involved in killing bacterial cells during SS 410 

irradiation. The initial increase and subsequent decrease of CAT activities suggests that H2O2 411 

was the main ROS involved in the inactivation of bacteria and that H2O2 generated in the 412 

system quickly exceeded the CAT protection capacity in the bacterial cell. There was no 413 

change in GSH-Px activity for both tested ARB; however, a slight increase was observed for 414 

the ASB during the initial SS irradiation. These results indicate that the damage to ASB caused 415 
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by SS irradiation-induced ROS was mainly limited by GSH-Px; whereas, the weakening effect 416 

in ARB might be mainly caused by SOD and CAT, which play a major role in the oxidative 417 

stress induced by ROSs.  418 

Under UV irradiation, the SOD activities in three tested strains first increased and then 419 

decreased thereafter. The trends in CAT activity for both ARB cells was slightly similar to the 420 

trends observed for the SOD activities. This indicates that the activated CAT in the ARB cells 421 

started to protect the cell from the oxidative stress caused by large amount of H2O2 that was 422 

produced during the initial period. No significant change in the CAT activity of E. coli DH5α 423 

suggests that this ASB had a limited capacity to resist UV irradiation. This further confirms the 424 

conclusion that this strain is easily inactivated by UV. The different trend in CAT activity 425 

across the three strains shows that bacteria with ARGs are more resistant to oxidative damage 426 

from H2O2. The different trends in GSH-Px activity for the three tested bacterial strains 427 

indicates that GSH-Px is involved in protection against oxidative damage of these bacteria 428 

during UV irradiation. Overall, these results indicate that light irradiation has an oxidative 429 

effect on bacterial strains, which is demonstrated by the gradual formation of ROSs and the 430 

significant changes in antioxidant enzyme activities. 431 

The above results indicate that bacterial cells could be damaged after long-term light 432 

stimulation, causing an oxidative stress response. Hence, this study also explored the genetic 433 

changes in response to different light irradiation by determining the expression of genes related 434 

to stress responses in the three bacterial strains. Under VL irradiation, the down-regulation in 435 

the expression of almost all tested genes was observed in all three strains, agreeing to 436 

light-induced formation of ROSs and their stimulation of stress response. These results also 437 
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suggest that the stress response-induced genes were down-regulated when the bacterial cells 438 

were exposed to a non-stressing light source (VL) (Luca et al., 2013). In clear contrast, SS 439 

irradiation led to the upregulation of most tested genes of the three bacterial strains within 240 440 

min; however, the trends in expression were different for the different strains. Thus, the 441 

bacteria that confer differing resistance exhibited different stress responses to SS irradiation. 442 

Moreover, the stress responses induced in ASB were more intensive than that in ARB. This 443 

could be because the ROS-mediated inactivation efficiency of ASB was higher than that of 444 

ARB. 445 

Under UV irradiation, ARB exhibited great changes in gene expression. Moreover, when 446 

ARB persisted in the shoulder period (during the shoulder period, the bacteria had high activity 447 

and no obvious damage), the transcription and translation levels changed to a large extent. That 448 

is, the gene expression associated with UV stimulation changed. In contrast, almost all the 449 

tested genes in the ASB were downregulated during the 120 min UV irradiation. This may 450 

indicate that the ARB were more likely to produce positive resistance to external stressors than 451 

the ASB under UV irradiation. The upregulation in gene expression also suggests that UV 452 

irradiation triggered stress-response mechanisms that help cells to cope to external damage. 453 

Light irradiation induces bacterial damage by generating ROSs, which invokes stress responses. 454 

These responses included the oxidative response and the SOS response that has also been 455 

reported by other researchers (Cabiscol et al., 2000; Das et al., 2012; Farr and Kogoma, 1991; 456 

Fraud and Poole, 2011).  457 

Our study showed that UV and SS irradiation can effectively increase the frequency of 458 

conjugative transfer. In contrast, the studies by Guo et al. and Lin et al. indicate that UV cannot 459 
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influence or decrease the transfer of ARGs (Guo et al., 2015; Lin et al., 2016). This is because 460 

the initial light intensity of the UV irradiation used in those experiments was much higher than 461 

that of the UV irradiation used in this study, which could slowly stimulate changes in ARB. 462 

The dose required to achieve complete suppression of ARG transfer would be impractical with 463 

a high concentration of ARGs. Persistent ARGs during UV irradiation can be captured and 464 

transferred to other microorganisms, which presents a new challenge. The development of 465 

UV-based disinfection methods, such as UV-Cl2, UV-TiO2 and UV-O3, might also facilitate 466 

low-level transfer of ARGs similar to UV alone. Enhanced transfer of ARGs has been observed 467 

in the combination of UV and TiO2 (Dunlop et al., 2015). Our study revealed an 468 

over-expression of stress response genes in ARB, along with upregulation and enhanced 469 

activities of defense repair genes under light irradiation. Furthermore, this study showed that 470 

these bacterial strains are in a very active state when the degree of stress response exceeds the 471 

capacity of the cell defense systems. The upregulated gene expression is a genetic response that 472 

allows the bacteria to better resist the damaging effects of toxic agents, when first pre-exposed 473 

to UV light stimulus. 474 

Furthermore, we evaluated conjugative transfer under different light irradiation. As 475 

expected, VL irradiation did not increase the frequency of bacterial conjugative transfer. As 476 

mentioned above, during the VL irradiation process, there were no changes in bacterial damage, 477 

oxidative stress and gene expression, which were associated with the lack of change in the 478 

frequency of conjugative transfer. In comparison, SS irradiation caused a slight increase in the 479 

frequency of conjugative transfer; this corresponded to slight damage to bacteria related to 480 

oxidative stress and gene expression. UV irradiation significantly promoted ARG conjugative 481 
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transfer, and correspondingly, showed great effects on the inactivation and surface morphology 482 

of the bacteria. The activities of the antioxidant enzymes in the bacteria were also notably 483 

enhanced. Furthermore, the oxidative stress and other stress-related genes were overexpressed 484 

during VL irradiation. This suggests that there may be a link between bacterial stress 485 

conditions and conjugative transfer. This finding is consistent with other studies, which 486 

presented evidence that stressors, such as antibiotics and other disinfectants, can enhance 487 

conjugative transfer through broad ROS response systems (Zhang et al., 2018) or the SOS 488 

response (Andersson and Hughes, 2014; Beaber et al., 2004). 489 

5. Conclusion 490 

This study demonstrates that SS and UV irradiation promotes the spread of ARGs 491 

mediated by conjugative transfer of plasmids between E. coli strains. UV irradiation causes 492 

more intense stimulation, leading to more significant oxidative stress, higher gene expression 493 

and stronger acceleration of ARG conjugative transfer. These results reveal a possible 494 

connection between conjugative transfer and the bacterial stress response. There is a significant 495 

correlation between the conjugative efficiency and the degree of stress response; in that a 496 

stronger stress response indicates a higher likelihood that horizontal transfer of ARGs will 497 

occur. 498 
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Fig. 1. Culturable bacterial abundance in logarithm of E. coli DH5α (MCR), E. coli DH5α 628 

(CTX) and E. coli DH5α during (a) visible light (VL), (b) simulated sunlight (SS), and (c) UV 629 

stimulation processes, (d) Effect of three stimulation processes on the bactericidal efficiencies 630 

of E. coli DH5α (MCR), E. coli E. coli DH5α (CTX) and E. coli DH5α at 120 min. 631 
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Fig. 2. The effects of SS irradiation on (a) the levels of intracellular ROSs shown by 634 

fluorescent intensity of probe DCFH-DA; (b) the activity of SOD; (c) the activity of CAT; (d) 635 

the activity of GSH-Px.  636 
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Fig. 3. The effects of UV irradiation on (a) the levels of intracellular ROSs shown by 638 

fluorescent intensity of probe DCFH-DA; (b) the activity of SOD; (c) the activity of CAT; (d) 639 

the activity of GSH-Px. 640 

  641 
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33 
 

642 

 643 

 644 

Fig. 4. Gene expression profiles of target genes involved in stress response, cell repair, DNA 645 
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34 
 

repair and transfer regulation upon exposure to VL, SS and UV in E. coli DH5α (CTX), E. coli 646 

DH5α (MCR) and E. coli DH5α. X-axis: the monitoring time in minutes; Y-axis left: clusters of 647 

target genes and list of genes tested, Y-axis right: the figure legend bar (depicted as a green-red 648 

color scale. Red spectrum color indicates up-regulated expression; green spectrum color 649 

indicated down-regulated expression).  650 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

35 
 

 651 

 652 

Fig. 5. Effects of (a) VL, (b) SS and (c) UV irradiation on the frequency of conjugative transfer. 653 

The donor (E. coli DH5α (CTX), E. coli DH5α (MCR)) and recipient (E. coli C600 (Sm)) 654 

bacteria. Light irradiation had a significant effect on the frequency of conjugative transfer 655 

(ANOVA, P < 0.05); significant differences between light-treated groups and the control group 656 

without light irradiation were tested with independent sample t-test and shown with * (P < 657 

0.05), and ** (P < 0.01). 658 
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Highlights: 

� The transfer frequency of ������ and mcr-1 genes was not affected by VL irradiation 

� Simulated sunlight and especially UV radiation stimulate ARG conjugative transfer 

� The conjugative transfer links with bacterial oxidative stress and gene expression 

� The conjugative transfer frequency was positive related to bacterial stress response 
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Experiment: 

1. Procedures for intracellular ROSs level assays with fluorescent probe DCFH-DA. 

One milliliter of cell suspension stimulated by relative time was withdrawn from the 108 

CFU mL−1 light stimulation system and 1 µl 1 mM DCFH-DA was added immediately. The 

mixture was vortexed and incubated at 37 °C for 30 min with mixed it up every 5 minutes in 

dark place. Cell suspension was further cleaned and resuspended in the PBS solution to a final 

volume of 300 µL and pipetted into a microplate for fluorescent measurement at 525 nm with 

excitation at 488 nm.  

2. Catalase (CAT), superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) 

activity analysis 

One milliliter of E. coli suspension (1.0 × 108 CFU mL−1) after different treatment 

(UV/SS/VL) was taken out to harvest the cells. One hundred microliters of B-PER®Bacterial 

Protein Extraction Reagent (Pierce Biotechnology, USA) was mixed with the cells thoroughly 

and incubated for 15 min at room temperature. Lysozyme and DNase I was added into the 

B-PER reagent prior to the extraction at final concentration of 0.1 mg mL-1 and 5 U mL-1, 

respectively, as well as Protease Inhibitor Cocktail (BS380, Sangon Biotech, Shanghai, China) 

at 1/20 dilution. The lysate was centrifuged at 10,000 rpm for 1 min, and the supernatant was 

ready for CAT, SOD and GSH-Px activity assays using Catalase Assay Kit (S0051, Beyotime 

Institute of Biotechnology, China), Superoxide Dismutase Assay Kit (Item No. 706002, 

Cayman Chemical, USA) and Glutathione Peroxidase Assay Kit (A005, Nanjing Jiancheng 

Bioengineering Institute, China), respectively. One unit of catalase was defined as the amount 

of enzyme needed to catalyze the decomposition of 1 µM H2O2 in 1 min at 25 ºC when pH = 

7, and one unit of SOD was defined as the amount of enzyme needed to exhibit 50% 
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dismutation of the superoxide radical, and for every milligram of protein, the effect of 

non-enzymatic reaction is deducted per minute, and the GSH concentration in the reaction 

system decreases by 1 µmol/L as one unit of GSH-Px when the assay was performed 

following the instruction of the kit. 

3. SEM sample preparation protocol 

The Polyline slides of 5 mm×5 mm were used for pre-treatment of SEM samples. 

Bacterial cells were harvested by centrifugation and prefixed with 2.5% glutaraldehyde for 4 

h at 4�. Then the cells were attached on the Polyline slides and immersed into 0.1 M 

phosphate-buffered saline for 15 min, and this step was repeated for three times. Dehydration 

was performed with a graded series of ethanol (30% for 15 min,50% for 15 min, 70% for 15 

min, 90% for 15 min and then 100% for15 min 3 times). The solvent was finally replaced 

with 100% butyl alcohol three times each for 15 min, and the specimens were freeze dried 

and gold sputter coated before visualized with SEM.  

4. The Reaction Procedure of qPCR and calculation method to quantification of ARGs 

After validation and optimization of the protocols of SYBR green qPCR, the reaction 

were conducted in 96-well plates with a final volume of 25 µL, which consisted of 12.5 µL 2 

× SYBR Premix Ex Taq (TaKaRa, Dalian, China), 0.75 µL of each primer (10 µM), 1 µL 

template DNA (genomics DNA) and 10 µL sterilized ddH2O. The temperature procedure was 

programmed as follows: 30 s at 95°C, 40 cycles of 5 s at 95°C and 30 s at annealing 

temperature (53.4oC for blaCTX, 53.4oC for mcr-1), followed by a melting curve stage to verify 

specificity. Each reaction was run in triplicate, and qPCR efficiency of each gene ranged from 

90% to 110%, with R2 values more than 0.99 for all standard curves. The copy numbers of 
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plasmid were calculated through formula below. Where C represent the concentration of 

extracted plasmid; the DNA length represent the number of recombinant plasmid base pair; 

660 represent the average molecular weight of double-stranded DNA.  

6.02 × 1023 × C(g/ml)

DNA	length(base	pair) × 660
= copies/ml 

Standard curves were obtained for each q-PCR run using 10-fold serial dilutions (100 to 

108 copies mL-1) of the plasmid harboring the target genes, and the calculation of copy 

number of ARG was according to standard curves of blaCTX and mcr-1 as list below. The value 

of x represents the cq value of q-PCR and the y represent the Log of copy number of ARGs.  

blaCTX:  y=-3.443x + 32.520   

mcr:   y=-3.541x + 33.796   

5. Optimization of Experimental Models for conjugative Transfer within Donor and 

Recipient 

Conjugative transfer models for evaluating gene transfer were optimized, including the 

donor/recipient ratio, bacterial concentrations, and mating times.  

As shown in Fig. S5a, the efficiency of spontaneous conjugative transfer from E. coli DH5α 

(CTX) to E. coli C600 (Sm) was approximately 10-4, when the mating times ranged from 4 – 

24 h. The mating times did not have a notable effect on the transfer efficiency. the efficiency 

of spontaneous conjugative transfer from E. coli DH5α (MCR) to E. coli C600 (Sm) was 

more than 10-5, when the mating times was 16 h. The growth curve of bacteria (Fig. S9) is 

known that the bacteria enter a logarithmic plateau and the bacterial activity is highest at this 

time, when the bacteria grew after 16 hours. So, we selected 16 h as the best mating times. 

As shown in Fig. S5, the efficiency of spontaneous conjugative transfer from E. coli 
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DH5α (CTX) to E. coli C600 (Sm) was approximately 10-4, and the efficiency of spontaneous 

conjugative transfer from E. coli DH5α (MCR) to E. coli C600 (Sm) was approximately 10-5, 

when the bacterial concentrations ranged from 104 to 1010 CFU mL-1. Very few 

transconjugants were detected when the bacterial concentration was less than 105 CFU mL-1. 

As conjugation requires cell-to-cell contact to form a pilus or pores that are needed for 

plasmid transfer, higher bacterial concentrations lead to higher frequencies of cell-to-cell 

contacts(Erickson 2001, Heuer and Smalla 2007, Sørensen et al. 2005). Because the goal of 

this study was to elucidate the potential and mechanism of conjugative transfer of ARGs, we 

selected the experimental conditions that yielded the higher transfer efficiency of the both 

transfer experiments for further evaluations. 

The donor/recipient ratio (1:1, 1:3, 1:5, and 1:7) did not have a significant effect on the 

conjugative transfer efficiency (Fig. S5c, d). Therefore, the conjugative models were 

optimized when the bacterial concentration ranged from 108-109 CFU/mL, with a 

donor/recipient ratio of 1:1, and 16 h of mating in NS at 37�. The optimized models were 

applied in all of the following experiments to investigate the effects of light stimulations on 

the conjugative transfer of ARGs.  
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Table S1. Information on the E. coli strains used in this study 

Strains Types of ARG Name of antibiotic resistance Use Source 

E. coli DH5α — — ASB China General Microbiological Culture 

Collection center, China 

E. coli DH5α (CTX)  !"#$% Cefotaxime Donor strain Screened and Isolated 

E. coli DH5α (MCR) mcr-1 Polymyxin B Donor strain Screened and Isolated 

E. coli C600(Sm) Sm Streptomycin Recipient strain The Coli Genetic Stock Center at Yale 

University, USA 

 

 

Table S2. Primers for qPCR 

Gene Primer Sequence (5’ to 3’) TM (°C) Length of products (bp) Source 

16S rRNA 16S rRNA-FP TGCATCTGATACTGGCAAGC 55.3 131 (Zhang et al. 2017) 

16S rRNA-RP ACCTGAGCGTCAGTCTTCGT 58.7 

&'()*+  !"#$%-FP GGTTGAGGCTGGGTGAAGTA 56.6 111 (Lv et al. 2013) 

 !"#$%-FP GACGTTAAACACCGCCATTC 55.3 

mcr-1 mcr-1-FP CGGTCAGTCCGTTTGTTC 56.1 117 (Liu et al. 2016) 
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mcr-1-RP CTTGGTCGGTCTGTAGGG 56.9 

oxyR oxyR-FP AGCCAATGTTGCTGGCTATC 55.7 110 (Gundlach and Winter 

2014) oxyR-RP ACAGTGACCATCTTCCAGCA 56.2 

rpoS rpoS-FP GTTATGGCAATCGTGGTCTG 53.8 122 (Landini et al. 2014) 

rpoS-RP CCAGGTTGCGTATGTTGAGA 54.9 

soxR SoxR-FP TGCTCAGCGTATTGGCATTC 55.8 123 (Kobayashi et al. 2014) 

soxR-RP TCCAACTCTTCTCGCCATTG 54.9 

soxS soxS-FP TTATCGCATGGATTGACGAG 52.1 131 (Gomes et al. 2005) 

soxS-RP GTAATCGCCAAGCGTCTGAT 55.2 

marA marA-FP AACCTGGAATCGCCACTGTC 57.9 125 (White et al. 1997) 

marA-RP TTACGGCTGCGGATGTATTG 55.3 

ompR ompR-FP CGCTGACGACTACATTCCAA 54.8 119 (Foo et al. 2015) 

ompR-RP TTACCGCCTCTTCCTGTGAC 57.1 

osmC osmC-FP GTGCTGAACCAACAGCCGTA 58.3 82 (Lesniak et al. 2003) 

osmC-RP CTGCGCCAATCAGTTCTTCA 55.7 

osmY osmY-FP ACGCGCAGACTACCAATGAA 56.9 138 (Yim et al. 1994) 

osmY-RP CGGTGCTCTTGATGTTGTCA 55.4 

basS basS-FP CCAACGGCTGATATTGACCA 55 134 (Guckes et al. 2017) 
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bass-RP GATCGTTGTTGCGATTGTCG 54.7 

cusC cusC-FP GCAGCTGGAGCGGTAATCTT 58 119 (Lei et al. 2014) 

cusC-RP CTCGGCTTCGCTCATGTTC 56.8 

mdtB mdtB-FP TATCGTGCTCGGCATTCTGT 56.5 119 (Kim et al. 2010) 

mdtB-RP CATCCAGTTCGCTACCAGCA 57.7 

motA motA-FP ACGCTCTATTCCAGCGAACG 57.8 92 (Dean et al. 1984) 

motA-RP TCCTCGGTTGTCGTCTGTTG 57.4 

yiaD yiaD-FP ATCTTATTGCCGCCGTAGTG 55 145 (Savage et al. 2007) 

yiaD-RP GAAGAGAGCGCACCAATACC 56.2 

mukB mukB-FP GTCTACGCGAGCAGCAAGAA 58 116 (Niki and Yano 2016) 

mukB-RP AATGCGTGCTTCCAGTTCCT 57.3 

radA radA-FP GTGCAAGGAAGTGCCATTCT 58.3 120 (Song and Sargentini 

1996) radA-RP CTCTTCGCCGGTGACATACA 57.3 

recF recF-FP CGATCGCCAGCTAACCTACA 57.1 122 (Webb et al. 1999) 

recF-RP AGGCGCACATCAACAGCTTA 57.2 

recJ recJ-FP ATACAACTTCGTCGCCGTGA 56.5 121 (Lovett and Kolodner 

1989) recJ-RP CACTGCGTTCCAGTTCTTGC 57.3 

recA recA-FP TCCAACACGCTGCTGATCTT 56.9 127 (A et al. 2016) 
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recA-RP GACGGATGTCGAGACGAACA 57.1 

rpoD rpoD-FP TCCGGAAGCGATCACCTATC 56.7 123 (Morichaud et al. 2015) 

rpoD-RP GCGGTAGGTGCCAGATCTTC 58.7 

rpoH rpoH-FP AACAAGTCCACGTTGCAGGA 57.1 111 (Koo et al. 2009) 

rpoH-RP TTACGCTTCAATGGCAGCAC 56.2 

ruvB ruvB-FP CGCAGGTTCGTTCACAGATG 56.8 123 (Iwasaki et al. 1989) 

ruvB-RP CGACAATGTTGGCAAGCGTA 56.1 

lexA lexA-FP CGCACGTATTGATGACGAAG 53.9 120 (Kamenšek et al. 2010) 

lexA-RP AAGCTCTGACGAAGGTC 57.6 

rcsC rcsC-FP ATTCGGTGCCGGTTGATAAG 55.3 113 (Clarke et al. 2002) 

rcsC-RP CTCGTACATCCGTGCGAGAG 58.2 

tesB tesB-FP CAGAACCACATCGTCAGGTG 56.1 108 (Nie et al. 2008) 

tesB-RP CCGGCAGGAAGTTAAGATCA 54.5 

ftsY ftsY-FP CAGTGGCTATCGAACGTGAA 54.8 112 (Kinori and Bibi 2015) 

ftsY-RP GCCGCTTCGACAATCTCTAC 56.1 

gspE gspE-FP AGGTCATGGCTCGTCTTGAT 56 117 (Voulhoux et al. 2001) 

gspE-RP CATAGATGGACGGCAGTGTG 56 

Notes: FP, forward primer; RF, reverse primer 
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Fig. S1. The spectra of (a) visible light, (b) simulated light and (c) ultraviolet light. All spectra 

were recorded using a spectrometer (USB 2000+, Ocean Optics Inc., USA). 

 

 

Fig. S2. Picture of the photoreactor under the VL irradiation 
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Fig. S3. Picture of the photoreactor under the SS irradiation 

 

 

 

Fig. S4. Picture of the photoreactor under the UV irradiation 
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Fig. S5. Effect of initial bacterial concentration, donor/recipient ratio, and mating time on the 

conjugative transfer. (a) The effect of mating time on the conjugative transfer from E. 

coli DH5α (CTX) to E. coli C600 (Sm) and (b) from E. coli DH5α (MCR) to E. coli 

C600 (Sm). (c) The effect of mating bacterial concentration and donor/recipient ratio on 

the conjugative transfer from E. coli DH5α (CTX) to E. coli C600 (Sm) and (d) from E. 

coli DH5α (MCR) to E. coli C600 (Sm) at 16-h mating time. 
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Fig. S6. Growth curves of the E. coli DH5α (CTX), E. coli DH5α (MCR) and E. coli C600 

(Sm). 
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Fig. S7. The SEM images of ARB and ASB after treated by VL, SS, and UV stimulus at 

different time. 
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Fig. S8. The effects of VL irradiation on (a) the levels of intracellular ROSs levels shown by 

fluorescent intensity of probe DCFH-DA; (b) the activity of SOD; (c) the activity of CAT; (d) 

the activity of GSH-Px. 
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Fig. S9. Variation tendency of total  !"#$%, mcr-1 gene copy numbers of antibiotic-resistance 
bacteria during (a) VL/ (b) SS/(c) UV process. The error bars represent the standard deviation 

of replicates (n = 3).  
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