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a b s t r a c t 

The transmission of antibiotic resistance in surface water has attracted much attention due to its increas- 

ing threat to human health. The role of sunlight irradiation and the effect of dissolved organic matter 

(DOM) on the transmission of antibiotic resistance are still unclear. In this study, photo-inactivation of 

antibiotic resistant bacteria (ARB) was investigated using antibiotic resistant E. coli (AR E. coli ) that con- 

tained the tetracycline resistance gene (Tc-ARG) as a representative. The results showed that AR E. coli 

underwent significant photo-inactivation due to the membrane damage induced by direct irradiation and 

by the generated reactive oxygen species. Simulated sunlight irradiation specifically suppressed the ex- 

pression of tetracycline resistance, which is attributed to the destruction of tetracycline-specific efflux 

pump. Tetracycline inhibited the photo-inactivation of AR E. coli due to its selective pressure on tetracy- 

cline resistant E. coli and competitive light absorption effect. Suwannee River fulvic acid (SRFA), a repre- 

sentative DOM, promoted the inactivation of AR E. coli and further inhibited the expression of tetracycline 

resistance gene due to the generation of its excited triplet state, singlet oxygen, and hydroxyl radical. The 

extracellular Tc-ARG also underwent fast photodegradation under light irradiation and in the presence 

of SRFA, which leads to the decrease of its transformation efficiency. This study provided insight into 

the sunlight-induced inactivation of ARB, which is of significance for understanding the transmission of 

tetracycline resistance in surface water. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Antibiotic resistance, as induced by the increased presence of

ntibiotic resistance genes (ARGs) and antibiotic resistant bacte-

ia (ARB), has been recognized as a worldwide environmental is-

ue ( Hvistendahl, 2012 ; Pruden et al., 2006 ). The presence of ARB,

specially multiresistant bacteria, threatens the effectiveness of

ntibiotics against various life-threatening pathogens and causes

lobal health concern ( Pruden et al., 2012 ). Both ARB and their

mobile) ARGs have frequently been detected in various environ-

ents ( Li et al., 2012 ; Luo et al., 2010 ; Mao et al., 2014 ; Zhu et al.,

013 ). Among these environmental media, aquatic environment
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epresents a main reservoir of ARB and ARGs ( Schwartz et al.,

003 ). 

Different from traditional micropollutants, antibiotic resistance

ould be transmitted by both vertical gene transmission and hori-

ontal gene transfer (HGT), occurring by transduction, transforma-

ion, and conjugation ( Chen et al., 2019 ). Thus, although disinfec-

ion is commonly performed in present water treatment processes,

nd many advanced oxidation processes (AOPs) were developed

nd used to inactivate ARB ( He et al., 2019 ; Michael-Kordatou et al.,

018 ), the released ARGs can induce the generation of ARB via HGT

n receiving waters of the effluent as the transformation efficien-

ies of mobile DNA are very high ( Baur et al., 1996 ; Stewart and

inigalliano, 1990 ). The transmission of ARGs in natural waters can

ignificantly promote the increase of ARB in terms of kinds and

uantity, and subsequently increase the possibility of human ex-

osure ( Huijbers et al., 2015 ). There is therefore an urgent need to

https://doi.org/10.1016/j.watres.2020.116241
http://www.ScienceDirect.com
http://www.elsevier.com/locate/watres
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investigate the transmission behavior of ARB and ARGs in natural

water. 

The dissemination of ARGs in surface water was supposed to

be a key pathway for the spread of ARB ( Allen et al., 2010 ;

Graham et al., 2011 ). Sunlight-induced degradation has been

proven to be the main elimination pathway of micropollutants in

surface water ( Zhang et al., 2018a , 2019a ). Meanwhile, sunlight-

mediated inactivation of health-relevant microorganisms in sur-

face water was also reported in previous studies ( Nelson et al.,

2018 ; Zeep et al., 2018 ). Once micropollutants and microorganisms

have absorbed sunlight photons, especially UV-B (280–320 nm),

they can undergo direct degradation and inactivation, respectively

( Nelson et al., 2018 ; Zhang et al., 2018a ) The photo-inactivation of

bacteria is attributed to direct damage induced by UV irradiation

(endogenous mechanism) and to photo-produced reactive interme-

diates (PPRIs) generated in the microorganism (indirect endoge-

nous mechanism) ( Nelson et al., 2018 ). The conjugative transfer

frequency of ARB can be affected by simulated sunlight irradiation

( Chen et al., 2019 ). Therefore, in surface water, sunlight irradiation

can influence the antibiotic resistance of ARB. 

Besides endogenous mechanisms, indirect inactivation of bacte-

ria initiated by PPRIs from photoactive substances in natural wa-

ter, i.e. exogenous mechanism, was also observed ( Kohn et al.,

2007 ; Rosado-Lausell et al., 2013 ). Dissolved organic matter (DOM)

as a common constituent of water bodies ( McKay et al., 2018 ;

Page et al., 2011 ), has been indicated to be an important precur-

sor of the PPRIs, including excited triplet state of DOM ( 3 DOM 

∗),

singlet oxygen ( 1 O 2 ) and hydroxyl radicals (HO 

•) ( McKay et al.,

2016 ; Wenk et al., 2011 ; Xu et al., 2011 ). In addition, DOM can

be adsorbed on the outer membrane of E. coli ( Chen et al., 2015 ;

Tikhonov et al., 2013 ), and can sensitize the photodegradation of

extracellular ARGs by generating PPRIs ( Zhang et al., 2019b ). Thus,

it can be speculated that DOM can affect the sunlight-induced

inactivation of ARB in surface water. Apart from this, antibiotics

that coexist in natural water exhibit selective pressure towards the

corresponding ARB ( Zhang et al., 2015 ), and may also affect the

sunlight-involved transmission of ARB. However, little is known

about the effect of DOM and coexisting antibiotics on the expres-

sion of antibiotic resistance of ARB in sunlit surface water. 

In this study, E. coli HB101 containing the tetracycline resistance

gene was selected as model ARB (AR E. coli ). Photo-inactivation of

AR E. coli was investigated under simulated sunlight irradiation.

Suwannee River fulvic acid (SRFA) was selected as a representa-

tive of DOM. The effect of SRFA and coexisting tetracycline on the

photo-inactivation of AR E. coli was studied. The underlying mecha-

nisms of the photo-inactivation were revealed by combining chem-

ical and biological methods. Besides, the photodegradation of the

extracellular tetracycline resistance gene (Tc-ARG) was also inves-

tigated for further understanding of the transmission behavior of

ARGs in surface water. 

2. Materials and methods 

2.1. Materials and preparation of ARB 

E. coli HB101 competent cells were purchased from the Takara

Biotechnology Co. Ltd. (Dalian, China). pBR322 plasmid (500 ng/ μL,

4361 bps, NCBI GenBank NO. J01749.1) containing tetracycline re-

sistance gene (Tc-ARG, tetA , 1261 bps) was purchased from Ther-

moFisher Scientific Inc. Suwannee River fulvic acid (SRFA, 2S101F)

was purchased from the International Humic Substances Society.

Other chemicals, reagents, materials, and corresponding commer-

cial suppliers are listed in Text S1 in the Supporting Information

(SI). 
The ARB used in this study (AR E. coli ) was prepared by trans-

orming the pBR322 plasmid into E. coli HB101 competent cells.

he detailed methods are described in Text S2 in the SI. 

.2. Simulated sunlight irradiation experiments 

A water cooled 10 0 0 W xenon lamp equipped with 290 nm fil-

ers was used to mimic the UV-A and UV-B portions of sunlight.

he irradiation experiments were performed with an XPA-7 merry-

o-round photochemical reactor (Xujiang Electromechanical Plant,

anjing, China) with quartz tubes containing the aqueous suspen-

ions. The light intensity at the surface of the quartz tubes was de-

ected with a TriOS-RAMSES spectroradiometer (TriOS GmbH, Ger-

any), and the result is shown in Fig. S1 in the SI. The total light

ntensity from 290 to 450 nm of the light source in the position of

uartz tubes was calculated to be 11.4 mW cm 

−2 , which is slightly

ower than that of sunlight (12.8 mW cm 

−2 ) measured at noon in

id-summer in Dalian, China. The initial concentration of AR E.

oli is 1 × 10 8 CFU mL −1 in phosphate buffer solution (PBS, pH

.0) with a volume of 25 mL. During the irradiation experiments,

he temperature was controlled at (25 ± 1) °C using a constant-

emperature liquid-circulating apparatus. 

Experiments were also performed to determine the photodegra-

ation kinetics of extracellular ARGs using plasmid pBR322 which

ontains the tetracycline resistance gene (Tc-ARG). The initial con-

entration of plasmid pBR322 was 5 μg mL −1 in solutions with a

olume of 8 mL. SRFA was added to investigate the effect of DOM

ith an initial concentration of 10 mg L −1 (4.8 mgC L −1 ). The con-

entration of SRFA was selected to be the average concentration

f the determined concentration levels of the natural water sam-

les in our previous study ( Zhang et al., 2018a ) and tetracycline

ith different initial concentrations (0.01, 0.1, 1, and 10 mg L −1 )

as added in some solutions to investigate the effect of antibi-

tics on the photo-induced inactivation of AR E. coli . The steady-

tate concentrations of PPRIs, including excited triplet state of SRFA

 

3 SRFA 

∗), 1 O 2 , and HO 

• in the SRFA solutions (without AR E. coli )

ere determined using 2,4,6-trimethylphenol, furfuryl alcohol, and

enzene as chemical probes ( Zhou et al., 2018 ). These PPRIs have

een proved to induce the inactivation of E. coli ( Serna-Galvis et al.,

018 ). 

.3. Inactivation kinetics of AR E. coli and photodegradation kinetics 

f Tc-ARG 

Throughout the irradiation experiment, 1 mL of the AR E. coli

uspension was withdrawn periodically. The number of AR E. coli

 N ) was counted using the dilution plate counting method that was

onducted on LB medium supplemented with tetracycline (selec-

ive medium). The E. coli with tetracycline resistance was counted

sing the selective medium. Meanwhile, counts of total E. coli

with and without tetracycline resistance) were also performed on

B medium without addition of tetracycline (regular medium). The

etailed method is described in Text S3 in the SI). Both the inacti-

ation kinetics of AR E. coli and total E. coli were determined. 

As to the photodegradation kinetics of Tc-ARG, 100 μL of

BR322 solution was withdrawn periodically, real-time quanti-

ative polymerase chain reaction (RT-qPCR) was used to deter-

ine the exact concentration of Tc-ARG, and PCR-agarose gel elec-

rophoresis was also used to detect the degradation of Tc-ARG (de-

ails are shown in Text S4 in the SI). The photodegradation rate

onstant of Tc-ARG was observed by fitting the ln C / C 0 versus time,

ith C being the concentration at a given time point and C 0 the

nitial concentration. Transformation experiments were performed

o investigate the HGT efficiency of degraded extracellular Tc-ARG

ith method described in previous study ( Zhang et al., 2019b ). The

etailed method is shown in Text S3 in the SI. 
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Fig. 1. Photo-inactivation kinetics AR E. coli in PBS solutions with different concen- 

tration of tetracycline (Tc) and in SRFA solution at pH 7.0 ( N is the colony forming 

units at a given time point and N 0 (1 × 10 8 CFU mL −1 ) is the initial colony forming 

units of the E. coli that counted on (a) selective medium; (b) regular medium). 
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Besides, the photodegradation kinetics of tetracycline were also

etermined with the analysis method shown in Text S5 in the SI,

nd the results are shown in Fig. S2 in the SI. 

.4. Investigation of the inactivation mechanisms 

The bacterial activity was determined using fluorescent stain-

ng method with a fluorescein diacetate/propidium iodide (FDA/PI)

s the probes ( Jones and Senft, 1985 ). The non-fluorescent probe

DA can enter the bacterial cell, and is subsequently decomposed

y non-specific esterase, which leads to the formation of green flu-

rescein. On the contrary, PI can only enter bacterial cells with a

eriously damaged membrane, and can be stained red. The fluo-

escence was obtained with a fluorescence microscope (AX8635,

lympus). After treatment with FDA/PI, the bacteria with green

uorescence are alive and with integrated cell membrane. On the

ontrary, the bacteria with red fluorescence have a severely dam-

ged cell membrane, and are considered to be inactive. 

The morphology of AR E. coli was determined using field emis-

ion scanning electron microscopy (FESEM, XL-30 ESEM FEG, FEI

ompany) at 20 kV, and the detailed method are shown in Text S6

n the SI. To further investigate the damage of the cell membrane

f AR E. coli during simulated sunlight irradiation, the concentra-

ion of intracellular K 

+ leaked from the bacteria was determined

sing ICP-OES (PerkinElmer Avio200) (details are shown in Text S6

n the SI). 

Intracellular ROS were responsible for the oxidative dam-

ge of enzymes and DNA, which will lead to the inactivation

f bacteria ( Rahmanto et al., 2012 ). Thus, the intracellular ROS

mainly HO 

• and H 2 O 2 ) level in the simulated sunlight treated

R E. coli was determined with 2 ′ ,7 ′ -dichlorodihydrofluorescein

iacetate (DCFH-DA) as a fluorescent probe ( Sun et al., 2014 ,

016 ). The detailed method is described in Text S7 in the SI.

riefly, the non-fluorescent DCFH-DA could enter bacterial cells.

t is then hydrolyzed by intracellular esterase, and subsequently

xidized by intracellular ROSs. This generates fluorescent 2 ′ ,7 ′ -
ichlorodihydrofluorescein (DCF), the fluorescence intensity of

hich was determined using a microplate reader (Synergy HTX,

ioTek, USA). 

The concentrations of extracellular, intracellular and total Tc-

RG of AR E. coli during the simulated sunlight irradiation were

etermined using RT-qPCR and PCR-agarose gel electrophoresis.

he DNA was extracted using the Ezup Column Bacteria Genomic

NA Purification Kit (Sangon Biotech), followed by the DNA ex-

raction procedures. The detailed detection method of Tc-ARG is

escribed in Text S4 in the SI. Re -sequencing analysis of Tc-ARG

n AR E. coli during the simulated sunlight irradiation was per-

ormed on an Illumina HiSeq20 0 0 TM by Personal Gene Technology

o., Ltd. (Shanghai, China) to further reveal the inactivation mech-

nism. The proteins in AR E. coli were detected using SDS-PAGE gel

lectrophoresis ( Kinoshita-Kikuta et al., 2019 ). 

.5. Statistical analysis 

To ensure the accuracy of the experiment results, each experi-

ent was performed at least thrice. The error bars represent 95%

onfidence intervals for n = 3. The relative error bars represent the

tandard deviation from the mean value. The Student’s t- test (two-

ailed) was used to determine the significance of the differences

etween treatments. Differences were considered to be significant

t the 95% confidence level ( p < 0.05). 
. Results and discussion 

.1. Photo-inactivation of AR E. coli 

Significant inactivation of AR E. coli was observed during sim-

lated sunlight irradiation ( Fig. 1 ), and few E. coli were alive after

0 min of treatment (Fig. S3 in the SI). No obvious loss of AR E.

oli was observed in the dark controls, indicating that light irradi-

tion is the driving force for the inactivation of AR E. coli . In PBS,

he AR E. coli underwent fast inactivation, especially at the initial

0 min ( Fig. 1 (a)), indicating that sunlight irradiation can directly

nduce the photo-inactivation of E. coli with tetracycline resistance.

he inactivation rate of total E. coli , which was counted in regu-

ar LB medium, is lower compared to the inactivation rate of AR E.

oli ( Fig. 1 (b)). Sunlight mediated inactivation of non-antibiotic re-

istant E. coli was also reported in previous studies and was mainly

ttributed to the DNA damage initiated by UVA and UVB portions

f sunlight ( Kadir and Nelson, 2014 ; Probst-Rüd et al., 2017 ). 

The activity of E. coli during light irradiation was also detected

sing the FDA/PI fluorescent staining method ( Tawakoli et al.,

013 ), and the results are shown in Fig. 2 . Almost all E. coli were

live and with integrated cell membrane within 30 min of treat-

ent. All the bacteria were stained red after 60 min of irradiation,

mplying that both inner and outer membranes were damaged and

ew bacteria were survived. These results are in accordance with
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Fig. 2. Fluorescent microscope images obtained with FDA/PI staining during simu- 

lated sunlight irradiation of AR E. coli ( N 0 : 1 × 10 8 CFU mL −1 ) at pH 7.0. 
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the results obtained using the plate counting method (Fig. S3 in

the SI). The total E. coli that counted in the regular medium in-

cluded E. coli with antibiotic resistance (i.e. AR E. coli ) and E. coli

that lost the antibiotic resistance. Although many E. coli are alive

in regular medium, only little E. coli are alive in selective medium

after light treatment from 5 to 30 min ( Fig. 2 and Fig. S3). Thus,

simulated sunlight irradiation can not only induce the death of E.

coli but also preferentially inhibits the expression of antibiotic re-

sistance. It can be concluded that sunlight irradiation exhibits spe-

cific effects on ARB. 

In the presence of tetracycline, the inactivation of AR E. coli

was significantly inhibited ( Fig. 1 (a)). However, no significant dif-

ference of the inhibitory effect was observed with the increase of

tetracycline concentration ( Fig. 1 (a)). On the contrary, tetracycline

promoted the inactivation of total E. coli during the first 30 min

( Fig. 1 (a)). Contrary to the observation in PBS without tetracycline,

the inactivation rate of total E. coli showed no obvious difference

compared with that of AR E. coli in the presence of tetracycline.

These findings can be attributed to the selective pressure of an-

tibiotics on the proliferation of ARB ( Rysz et al., 2013 ) as antibiotics

exert selective pressure, which leads to the increase of the propor-

tion of plasmid-bearing ARB ( Löser, 1995 ). Besides, the competitive

light absorption effect between tetracycline and AR E. coli can also

inhibit the photo-inactivation of AR E. coli . Thus, the presence of

tetracycline inhibited the inactivation of AR E. coli . 

3.2. Inactivation mechanisms of AR E. coli induced by simulated 

sunlight irradiation 

Three endogenous mechanisms were proposed for sunlight-

induced inactivation of bacteria, including membrane damage,

genome damage, and cytosolic protein damage ( Nelson et al., 2018 ;

Xiao et al., 2019 ). For the first mechanism, the morphologies of AR

E. coli were observed with SEM. As can be seen in Fig. 3 (a), the

E. coli cells were deformed significantly under simulated sunlight

irradiation, indicating that the damage of the outer membrane for

AR E. coli occurred indeed. 
It was considered that K 

+ leakage would be caused by any

amage in the cell membrane structure, especially inner mem-

rane ( Liu et al., 2019 ). Significant K 

+ leakage of AR E. coli was

ndeed observed during simulated sunlight irradiation, whereas no

bvious leakage of K 

+ was detected in the dark controls ( Fig. 3 (b)).

hus, solar irradiation can induce the damage of the membrane of

RB in surface waters. The leakage rate of K 

+ was especially high

n the first 10 min, which is supposed to be the cause of the fast

nactivation of AR E. coli at the initial 10 min ( Fig. 1 (a)). The ROSs

enerated in the cells are important driving forces for the observed

embrane damage ( Xiao et al., 2019 ). During simulated sunlight ir-

adiation, a significant increase of levels of ROSs (mainly HO 

• and

 2 O 2 ) was observed, especially in the last 30 min ( Fig. 4 ). The in-

ercellular HO 

• can induce DNA damage and protein damage in the

acteria due to its high reactivity ( Nelson et al., 2018 ). This leads

o the fast inactivation of total E. coli from 30 to 60 min ( Fig. 1 ). 

The pBR322 plasmid containing Tc-ARG was extracted and de-

ected using RT-qPCR. The results showed that the concentra-

ion of extracellular Tc-ARG (e-ARG), intercellular Tc-ARG (i-ARG),

nd total Tc-ARG (total-ARG) are all maintained steady no matter

hether under light irradiation or in dark controls ( Fig. 5 ). This

nding was confirmed by the results obtained using PCR-agarose

el electrophoresis (Fig. S4). These results are in accordance with

 previous study which showed that no obvious damage or leak-

ge of intracellular ARG was observed even though there are heavy

embrane damage and even though inactivation of E. coli occurred

uring ozone treatment ( Czekalski et al., 2016 ). 

Sunlight irradiation can directly induce damages to DNA

 Giannakis et al., 2016 ). Thus, re-sequencing analysis of Tc-ARG

uring the simulated sunlight irradiation was performed to inves-

igate its potential mutation and deletion induced by light irradi-

tion and the generated ROSs. The results showed that only one

ase mutation at position 1129 (C was replaced by T, Fig. S5) was

bserved. However, the coding amino acids of CTG and TTG are

oth leucine. Therefore, the mutation of Tc-ARG induced by light

rradiation does not affect the transcription process. This was also

roven by the RNA expression analysis results as the expression

evels showed no obvious change during the simulated sunlight ir-

adiation ( Fig. 6 ). Thus, it can be concluded that the damage of

c-ARG in bacteria is not the main reason for the inactivation of

R E. coli under simulated sunlight irradiation. 

The cytosolic protein of AR E. coli was detected during simu-

ated sunlight irradiation, and the results are shown in Fig. 7 . No

bvious damage was observed for the proteins of AR E. coli . Thus,

ytosolic protein damage is also not the dominant reason for the

nactivation of AR E. coli during the light irradiation. 

According to the above analysis, it can be concluded that the

nactivation of AR E. coli induced by simulated sunlight irradiation

s mainly attributed to membrane damage. As reported in previ-

us studies, the resistance to tetracycline in gram-negative bacte-

ia (e.g. E. coli used in this study) is usually attributed to three

ifferent mechanisms: tetracycline-specific efflux pumps (mainly

etA, tetB, tetC, tetG, tetH ), ribosomal protection proteins (mainly

etM, tetO, tetQ, tetT and tetW ), and enzymatic inactivation of

etracycline ( tetX ) ( Alekshun and Levy, 2007 ; Nolivos et al., 2019 ;

hao et al., 2018 ). Thus, in this study, efflux by tetracycline-specific

umps is the dominant mechanism for tetracycline resistance as

R E. coli with tetA was used as target ARB. A specific membrane-

ssociated efflux protein plays important role in the efflux system

 Møller et al., 2020 ). Therefore, the severe damage of the cell mem-

rane of AR E. coli induced by simulated sunlight irradiation de-

ressed the expression of tetracycline resistance gene by damaging

he efflux system. 

As shown above, the presence of tetracycline inhibited the

hoto-inactivation of AR E. coli via two mechanisms: selective pres-

ure and competitive light absorption. For the former, the synthesis
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Fig. 3. (a) SEM images of AR E. coli treated by simulated sunlight irradiation in PBS (pH 7.0); (b) the leakage of K + in PBS and in SRFA solutions (10 mg L −1 ) at pH 7.0. 

Fig. 4. Relative concentrations of ROSs in AR E. coli ( N 0 : 1 × 10 8 CFU mL −1 ) during 

simulated sunlight irradiation in PBS and in SRFA solutions (10 mg L −1 ) at pH 7.0. 

o  

b  

t  

b  

i  

t  

c

Fig. 5. Concentrations of extracellular Tc-ARG (e-ARG), intercellular Tc-ARG (i- 

ARG), and total Tc-ARG (total-ARG) extracted from AR E. coli ( N 0 : 1 × 10 8 CFU mL −1 ) 

in PBS (pH 7.0) during simulated sunlight irradiation (a) and in dark controls (b). 

3

 

E  

f  

n  

s  
f the specific membrane protein in the efflux system is inducible

y tetracyclines ( Alekshun and Levy, 2007 ). Thus, the presence of

etracycline can induce the synthesis or repair of the specific mem-

rane protein due to its selective pressure on AR E. coli , which

s beneficial for the expression of tetracycline resistance gene. For

he latter, tetracycline can competitively absorb photons with AR E.

oli , which decreases the photo-inactivation rate of AR E. coli . 
.3. Effects of SRFA on the inactivation of AR E. coli 

The presence of SRFA obviously inhibited the inactivation of AR

. coli in the first 10 min, and promoted the inactivation in the

ollowing 50 min ( Fig. 1 (a)). For the total E. coli , SRFA exhibited

o obvious influence on its inactivation at the first 10 min and

ubsequently enhanced the inactivation of E. coli ( Fig. 1 (b)). The
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Fig. 6. Relative expression of RNA from Tc-ARG that extracted from AR E. coli ( N 0 : 

1 × 10 8 CFU mL −1 ) during simulated sunlight irradiation at pH 7.0. 

Fig. 7. Cytosolic protein extracted from AR E. coli ( N 0 : 1 × 10 8 CFU mL −1 ) during 

simulated sunlight irradiation at pH 7.0. 

Fig. 8. SEM images of AR E. coli ( N 0 : 1 × 10 8 CFU mL −1 ) in SRFA suspension (10 mg 

L −1 ) under simulated sunlight irradiation at pH 7.0. 
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leakage of K 

+ of AR E. coli in SRFA solutions was determined, and

the results showed that different from the observation in PBS, the

K 

+ leakage of AR E. coli is completely inhibited in SFRA solutions

( Fig. 3 (b)), which is indicative of a specific effect of SRFA on the

membrane damage of AR E. coli . 

As can be seen in the SEM images ( Fig. 8 ), the morphologies

of AR E. coli were significantly affected even before light irradia-

tion (at 0 min), and deeper sinking and shriveled cell membranes
ere observed compared with the membranes in PBS ( Fig. 3 (a)).

s reported in a previous study, DOM can be adsorbed on the cell

embrane of AR E. coli , which inhibited the tetracycline diffusion

nto the cells ( Chen et al., 2015 ). The adsorption of SRFA on the AR

. coli cell membrane was evaluated by determining the dissolved

oncentration of SRFA. The results showed that the freely soluble

oncentration of SRFA decreased and reached an adsorption equi-

ibrium within 3 h (Fig. S6). The adsorption of SRFA severely in-

ibited the leakage of K 

+ as DOM exhibits a negative charge in

uspensions at pH 7.0 due to the deprotonation of carboxyl and

henolic groups ( Mensch et al., 2017 ). 

Dual roles of DOM on the photo-inactivation of E. coli were

eported in previous ( Serna-Galvis et al., 2018 ). SRFA can in-

ibit the direct photo-inactivation of E. coli through light shield-

ng, and can promote the photo-inactivation by generating reac-

ive species. The generation of intercellular ROS was promoted in

he presence of SRFA compared with irradiation in PBS ( Fig. 4 ).

he generation of PPRIs from SRFA under simulated sunlight ir-

adiation has been shown in previous studies ( Shang et al., 2017 ;

enk et al., 2011 ; Zhang et al., 2014 ). The steady-state concentra-

ions of 3 SRFA 

∗, 1 O 2 , and HO 

• in the SRFA solutions were deter-

ined to be (2.41 ± 0.05) × 10 −13 M, (5.66 ± 0.07) × 10 −13 M,

5.14 ± 0.03) × 10 −17 M, respectively. These PPRIs are the main

eason for the increased shriveling of cell membrane as shown in

ig. 8 . 

Besides, 3 DOM 

∗, 1 O 2 , and HO 

• can induce the photo-

nactivation of bacteria through both endogenous and exogenous

athways ( Nelson et al., 2018 ; Serna-Galvis et al., 2018 ). Among

hese PPRIs, 1 O 2 is of the highest concentration, and was proven to

e an effective reactive species that induce the photo-inactivation

f bacteria via exogenous mechanisms ( Nelson et al., 2018 ). Thus,

he promotional effect of SRFA on the photo-inactivation of AR E.

oli is supposed to be mainly attributed to 1 O 2 . 

The generated PPRIs from the adsorbed SRFA by AR E. coli can

nter the cells as the cell membrane was damaged during light

rradiation, which leads to the increase of intracellular ROS level.

owever, the increase of ROS level in the cells did not promote

he damage of Tc-ARGs as no obvious changes of e-ARG, i-ARG, and

otal-ARG was observed in SRFA solutions during simulated sun-

ight irradiation (Fig. S7). Thus, similar to simulated sunlight irra-

iation induced direct inactivation, SRFA promoted the inactivation

f AR E. coli also via a membrane damage mechanism initiated by

he generated PPRIs. 

Similar with the findings in PBS solutions, the inhibitory ef-

ect of SRFA on the expression of tetracycline resistance gene is

lso attributed to the damage of the efflux system induced by the

enerated ROS. Besides, there is a larger hydrophilic cytoplasmic

egion in the middle of the specific protein in the efflux system

 Levy, 1992 ), which is beneficial to the occurring of protein-damage

s initiated by the generated ROS from SRFA in the aqueous phase.

herefore, the presence of SRFA further inhibited the expression of

etracycline resistance gene. These findings demonstrate that DOM

lays a negative role in the transmission of tetracycline resistance

n surface water. 

.4. Photo-induced degradation of cell-free Tc-ARG 

The inactivation of ARB will eventually lead to the leakage of

RGs. Cell-free ARGs, especially plasmid-coded ARGs, play impor-

ant roles in the transmission of antibiotic resistance through HGT

 Mao et al., 2014 ; Zhang et al., 2018b ). Thus, to further investigate

he transmission behavior of ARGs in surface waters, simulated

unlight irradiation induced degradation and HGT efficiency change

f extracellular Tc-ARG was studied. The results shown in Fig. 9 (a)

ndicate that Tc-ARG undergoes fast photodegradation in PBS with

n observed photolysis rate constant ( k ) of (0.030 ± 0.005)
obs 
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Fig. 9. Photodegradation kinetics of Tc-ARG ( C 0 : 5 μg mL −1 ) (a) and changes in 

transformation efficiencies (b) at pH 7.0. 
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in 

−1 , which is different from in AR E. coli that no significant

egradation of Tc-ARG was observed ( Fig. 5 ). This is attributed to

he complex components in the bacteria. The direct irradiation and

enerated ROSs firstly act on the cell membrane of E. coli , leading

o its severe damage as shown above. 

The presence of SRFA (10 mg L −1 ) significantly promoted the

hotodegradation of Tc-ARG ( Fig. 9 (a)) and the k obs increased to

0.067 ± 0.009) min 

−1 . These results are in accordance with the re-

ults obtained using a 500 W medium mercury lamp as illuminant

n a previous study with the promotional effect of SRFA proposed

o be attributed to photo-generated HO 

• and 

1 O 2 ( Zhang et al.,

019b ). 

The transformation efficiencies of Tc-ARG that coded on pBR322

lasmid were significantly inhibited and the inhibitory effects are

nhanced by an increasing time of irradiation ( Fig. 9 (b)). Similar

ith the photodegradation of Tc-ARG, SRFA also promoted the de-

rease of transformation efficiencies ( Fig. 9 (b)). It is therefore to

e concluded that the photodegradation of Tc-ARG in surface wa-

er could leads to the decrease of HGT ability and subsequently

nhibits the spread of ARGs in natural waters. 

However, the presence of SRFA also decreased the transforma-

ion efficiencies (about 50% decrease) of Tc-ARG in the dark con-

rols although no obvious degradation of Tc-ARG was observed

ithout light irradiation ( Fig. 9 ). This can be attributed to the ad-

orption of SRFA on the cell membrane of E. coli as proven above.

he adsorbed SRFA on the membrane inhibits the transformation

f pBR322 into the competent cells of E. coli . 
. Conclusions 

Simulated sunlight irradiation can induce significant photo-

nactivation of AR E. coli . Light irradiation induced direct damage

nd the intracellular ROSs initiated damage of cell membranes is

he main reason for the photo-inactivation of AR E. coli . Specific

nhibitory effect of simulated sunlight irradiation on the expres-

ion of tetracycline resistance gene is attributed to a mechanism

nvolving the tetracycline-specific efflux pump. The presence of

etracycline inhibited the photo-inactivation of AR E. coli and pro-

ected the expression of tetracycline resistance gene due to its se-

ective pressure on tetracycline resistant bacteria and competitive

ight absorption effect. On the contrary, DOM promoted the photo-

nactivation of AR E. coli at high treatment time and further inhib-

ted the expression of tetracycline resistance gene due to the gen-

ration of PPRIs. Although no significant degradation of Tc-ARG in

he AR E. coli was observed, the cell-free Tc-ARGs can be degraded

y light irradiation and its photodegradation was proven to be fa-

ilitated by DOM. These findings can contribute key scientific in-

ormation and build understanding to control the transmission and

pread of ARB and ARGs in surface waters and are also of signif-

cance for understanding the transmission behavior of tetracycline

esistant ARB during water treatment based on UV-irradiation. 
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