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A B S T R A C T   

The spread of antibiotic-resistant bacteria (ARB) and antibiotic resistance genes (ARGs) in water is increasingly 
becoming a worldwide problem due to frequent recent major public health events. Herein, the horizontal ARG 
transfer mechanisms were studied under sub-lethal photocatalysis. The results show that ARGs had at most a 3- 
to 6-fold increase in the conjugative transfer frequency when only donor bacteria were induced with sub-lethal 
photocatalysis, while the frequency exhibited a trend toward inhibition when only the recipient bacteria were 
induced. However, when the donor or recipient bacteria were induced beforehand for a specific time, the fre-
quency increased by a maximum of 10- to 22-fold. Moreover, the horizontal transfer frequency and its mecha-
nism were related to the oxidative stress systems, ATP systems and the expression of related genes. Furthermore, 
the transformability of extracellular plasmids of the ARB and the contribution in horizontal transfer were also 
studied. Results show that the transformation frequency accounted for up to 50% of the total number of 
transconjugants, indicating that transformation might be a primary mode of horizontal ARG transfer by ARB in 
water. All of the above results demonstrate that sub-lethal photocatalysis will increase the frequency of hori-
zontal gene transfer of ARGs through both conjugative transfer and the transformation pathway, which increases 
the risk of ARB in aquatic environments.   

1. Introduction 

Since the 21st century, antibiotic resistance genes (ARGs) have 
become increasingly abundant in the environment, including water 
systems, due to indiscriminate use of antibiotics (Lopatkin et al., 2016). 
According to report, if proper measures are not taken, the number of 
casualties due to antibiotic resistance could reach 10 million per year by 
2050 (O’Neill, 2014). Meanwhile, ARGs are found to be a persistent 
emerging contaminant and can be widespread in various water media, 
including lakes, rivers, wastewater treatment plants and drinking water 
treatment plants (Cai et al., 2021b). In water, antibiotic-susceptible 
bacteria (ASB) can develop antibiotic resistance by acquiring ARGs 
from genomes of antibiotic-resistant bacteria (ARB) (Bethke et al., 
2020). The spread of ARGs throughout aquatic environment is further 
accelerated by both vertical gene transfer (VGT) and horizontal gene 
transfer (HGT) (Cai et al., 2021a). 

Generally, as the main driver of ARG transmission (Huddleston, 
2014), HGT is classified into three mechanisms: conjugative transfer, 
transformation and transduction (Heuer and Smalla, 2007). The fre-
quency of transduction is lower (due to need for phages), while the other 
two mechanisms are considered to be the most efficient and frequent 
transfer pathways in aquatic environments (Jin et al., 2020). Recent 
studies have shown that besides antibiotics (Lopatkin et al., 2016), other 
factors may also be responsible for the accelerated spread of ARGs, such 
as non-antibiotic pharmaceuticals (Lu et al., 2018), disinfectants (Zhang 
et al., 2017), metal nano-ions (Qiu et al., 2012), natural minerals (Li 
et al., 2020) and light irradiation (Chen et al., 2019). Previous studies 
have demonstrated that the aforementioned stressors can promote 
conjugative transfer of ARGs by increasing level of intracellular reactive 
oxygen species (ROS) in ARB, activating antioxidant systems and 
increasing cell membrane permeability (Garvey et al., 1985). 

Photocatalysis, which is a promising advanced oxidation process 
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being applied in wastewater treatment, can efficiently kill bacteria 
through ROS attack due to strong oxidation ability generated from 
cavities on catalyst surface (Li et al., 2015). However, due to fluctuating 
water quality during wastewater treatment, bacteria may also escape 
lethal attack of ROS, and only receive sub-lethal oxidative pressure 
during practical application of photocatalytic technology. This process, 
defined as sub-lethal photocatalysis, can similarly increase level of 
intracellular ROS in ARB, thus activating antioxidant systems (Yin et al., 
2019). Therefore, sub-lethal photocatalysis may facilitate the con-
jugative transfer of ARGs to some extent. However, previous studies 
have focused more on assessing effect of certain environmental stimuli 
on donor bacteria (Chen et al., 2019; Liao et al., 2019; Yin et al., 2021), 
and effect on recipient was rarely reported. In addition, few studies 
focused on some more complicated cases (such as pre-treated donor and 
recipient bacteria). Due to complexity of HGT, few studies evaluated 
multiple pathways of ARG horizontal transfer simultaneously under the 
same environmental conditions. Further, limited information is avail-
able on how ARGs are spread under sub-lethal photocatalysis, and how 
donor and recipient bacteria exert influence on ARG conjugative 
transfer. For instance, under sub-lethal photocatalysis, besides occur-
rence of conjugative transfer of ARGs, we still do not know whether 
ARG-carrying plasmids will leak out of donor bacterial cells, and 
whether transformation will subsequently occur in the same water sys-
tem. Furthermore, if conjugative transfer and transformation can cooc-
cur, their individual contribution to the whole horizontal transfer 
frequency is also important to clarify in terms of HGT mechanisms under 
sub-lethal photocatalysis. For this reason, as with other similar stressors, 
determining how sub-lethal photocatalysis accelerates horizontal 
transfer and what is acting mechanism of ARG transfer is highly 
necessary. 

Therefore, the main objective of this study was to explore horizontal 
transfer mechanism of ARGs between ARB in water systems under sub- 
lethal photocatalysis. The conjugative transfer frequency of ARGs under 
sub-lethal photocatalysis under different conditions was compared, and 
transformability of ARGs leaking into extracellular space due to induc-
tion via sub-lethal photocatalysis was further assessed. Furthermore, 
comprehensive studies were conducted at different levels to (1) deter-
mine frequency of horizontal transfer of ARGs under different condi-
tions; (2) assess transformability of extracellular plasmids from donor 
bacteria; (3) study evolution and activities of bacterial intracellular 
antioxidant defense systems, including ROS content, antioxidant 
enzyme activities and ATP content; and (4) quantify expression of 
related genes. Thus, our goal was to comprehensively evaluate impact of 
sub-lethal photocatalysis on horizontal transfer mechanism of ARGs. 
This information will help us to understand specific mechanisms of 
horizontal transfer of ARGs during photocatalysis and shed light on ARG 
dissemination in aquatic environments. 

2. Materials and methods 

2.1. Bacterial strains 

As a prevalent microorganism in nature, different Escherichia coli 
strains were selected to investigate horizontal transfer of ARGs between 
ARB and titanium dioxide nanoparticles (nano-TiO2) under UV light 
(UV365nm). The selected bacteria are listed in Table S1. Plasmids used 
were obtained as described previously (Chen et al., 2019). E. coli DH5α 
(CTX) carrying Incl2 plasmid containing cefotaxime resistance gene 
blaCTX− M and E. coli DH5α (MCR) carrying Incl2 plasmid containing 
polymyxin resistance gene mcr-1 were used as donor bacteria and 
cultured in Luria Bertani (LB) broth with cefotaxime (CTX) (16 mg/L) 
and polymyxin B (PB) (8 mg/L), respectively. E. coli C600 (Sm) was 
chosen as the recipient strain because streptomycin (Sm) resistance gene 
carried by bacteria is on its chromosome. Streptomycin (3000 mg/L) 
was added to LB broth to obtain a purified culture of E. coli C600 (Sm). 
All strains were incubated overnight at 37 ◦C with 140 rpm shaking. 

Cultures at a measured OD600nm=1.0 were used for further experiments. 

2.2. Bacterial activity and morphologic change under sub-lethal 
photocatalysis 

To study effect of sub-lethal photocatalysis on bacterial activity, 
three bacterial strains diluted with 0.9% NaCl solution to 5 × 108 

colony-forming unit (CFU)/mL were separately loaded into a 50 mL 
quartz flask reactor. An LED lamp (Perfectlight, China) was used as light 
source for UV365nm, and light intensity was adjusted to 30 mW cm− 2. 
Wavelength information of light source is detailed in Fig. S1. The nano- 
TiO2 (P25) was used as the catalyst at a finial concentration of 100 mg/ 
L. After treatment for different periods, bacteria were collected and then 
serially diluted with phosphate buffered saline (PBS), and 100 μL sam-
ples were plated. All dishes were cultured overnight at 37 ◦C, and then 
the surviving cells were counted. All experiments were repeated at least 
three times. After 120 min of treatment, most of donor and recipient 
bacterial cells were still alive in the system. 

Additionally, scanning electron microscopy (SEM) was used to 
observe morphologic changes in bacteria under sub-lethal photo-
catalysis. Preparation of SEM samples, which is outlined in supporting 
information (SI), was similar to previous work (Chen et al., 2019). 

2.3. Determination of conjugative transfer frequency 

To evaluate effect of sub-lethal photocatalysis-induced ARB on 
conjugative transfer frequency, the method of our previous study was 
followed (Chen et al., 2019). In addition, we divided sub-lethal photo-
catalysis-induced ARB into three treatments to evaluate effect on con-
jugative transfer frequency of 1) only inducing donor bacteria; 2) only 
inducing recipient bacteria; and 3) inducing donor bacteria or recipient 
bacteria beforehand. Further details are provided in SI. The above ex-
periments were repeated at least three times. 

2.4. Determination of bacterial transformability 

Successful transformation of extracellular plasmid in sample into 
recipient bacterial cells indicates potential transformability of extra-
cellular plasmid in sample (Froger and Hall, 2007). Herein, extracellular 
DNA that leaked from donor bacterial samples at different sub-lethal 
photocatalysis times was extracted as described in SI. Next, 10 μL of 
concentrated DNA sample (100 ng/μL) was added to 100 μL of recipient 
bacteria (chemically competent E. coli DH5α (Shenggong, Shanghai, 
China) or E. coli C600 (Sm)), gently mixed, and allowed to stand on ice 
for 30 min. The mixture was then placed on ice for 3 min before 
heat-shock at 42 ◦C for 90 s. A total of 850 μL of LB medium was added to 
the mixture and incubated for 60 min at 37 ◦C on a shaker (140 rpm). 
After serial dilutions, 100 μL sample was spread on nutrient agar plates 
containing PB (8 mg/L) or CTX (16 mg/L) and then incubated upside 
down in a 37 ◦C incubator overnight to determine number of trans-
formants. Each experiment was repeated at least three times. 

2.5. Detection of ROS, antioxidant enzymatic activities and ATP activity 

To explore whether sub-lethal photocatalysis can cause oxidative 
stress in bacteria, intracellular ROS was measured using fluorescent dye 
2′,7′-dichlorofluorescein diacetate (DCFH-DA) (Beyotime, China). All 
experiments were repeated at least three times. Detailed assay protocol 
is provided in SI. 

To verify role of oxidative stress suffered by bacteria, activities of 
different antioxidant enzymes, namely catalase (CAT), superoxide dis-
mutase (SOD) and glutathione peroxidase (GSH-PX), were determined. 
Briefly, approximately 1 mL of bacterial suspension was collected at 
different times, and then bacterial proteins were extracted with Bacterial 
Total Protein Extraction Kit (BBI Life Science, Hong Kong, China). Ac-
tivities of CAT, SOD and GSH-PX in samples were detected with 
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corresponding kits. Each experiment was repeated at least three times. 
See SI for kits and methods used to determine antioxidant enzyme 
activities. 

As reported, horizontal transfer of ARGs requires energy, and ATP is 
the direct source of an organism’s energy (Yu et al., 2020). Thus, ATP 
may affect horizontal transfer efficiency. Samples were collected at 
different times. Cell pellet collected by centrifugation at 8000 rpm for 2 
min, which was repeated twice, followed by addition and thorough 
mixing of 200 μL of ATP detection reagent lysate (Beyotime, China). The 
mixture was centrifuged at 12,000 × g for 5 min at 4 ◦C and the su-
pernatant was collected. ATP level of sample was determined with ATP 
detection kit (Beyotime, China). Each experiment was repeated at least 
three times. 

2.6. ROS scavenger test 

To evaluate effect of ROS on ARG conjugative transfer, ROS scav-
engers Fe(II)-EDTA (0.1 mmol/L) and isopropyl alcohol (0.5 mmol/L) 
were added to the system to remove H2O2 and •OH, respectively, before 
sub-lethal photocatalysis. 

2.7. Gene expression assay 

Total RNA from bacterial samples collected at different times was 
extracted with Spin Column Bacteria Total RNA Purification Kit (Sangon 
Biotech, China). The extracted RNA was reverse transcribed to cDNA 
using RTIII All-in-One Mix with dsDNase (monad, China). Expression of 
related genes was then examined by targeting oxidative stress genes 
(rpoS and oxyR), ARGs (blaCTX-M and mcr-1), conjugative transfer-related 
genes (tesB, ftsY and traG), a membrane repair gene (basS), SOS with 
DNA repair genes (recA and lex), outer membrane associated genes 
(ompA and ompC), and antioxidant system genes (sodA and katE). 16S 
rRNA was used as an internal reference gene. qPCR primer information 
is detailed in Table S2. All the experiments were performed by qPCR 
thermal cycling with SYBR Green I (Takara, Dalian, China). Relevant 
experiments were repeated at least three times. The detailed RNA 
extraction, reverse transcription and qPCR operating procedures are 
provided in SI. 

2.7. Statistical analysis 

One way analysis of variance (ANOVA) was performed to identify 
significant differences in conjugative transfer frequencies under sub- 
lethal photocatalysis conditions. A significance level of P<0.05 was 
considered significant for outcome, while P<0.01 was considered highly 
significant according to reference (Zhang et al., 2017). Results are pre-
sented as mean ± standard deviation, and genetic data were normalized. 

3. Results and discussion 

To investigate how sub-lethal photocatalysis affects ARG horizontal 
transfer mechanism, effects of stimulating donor or recipient bacteria on 
the conjugative transfer of ARGs were comprehensively explored under 
different scenarios. Additionally, transformable potential of extracel-
lular plasmids from ARB under sub-lethal photocatalysis was investi-
gated. To understand the underlying mechanisms, antioxidant system, 
ATP system of ARB involved in horizontal transfer, and expression 
profiles of related genes were investigated in detail. 

3.1. Inactivation of bacteria exposed to sub-lethal photocatalysis 

To assess damage to bacteria, different bacterial strains including 
ARB (E. coli DH5α (CTX), E. coli DH5α (MCR), E. coli C600 (Sm)) and ASB 
(E. coli DH5α) were subjected to inactivation by sub-lethal photo-
catalysis under comparable experimental conditions. As Fig. 1 shows, 
bacterial abundance decreased steadily with prolonged treatment time, 
with a 1 − 2 log reduction under sub-lethal photocatalysis for 120 min 
(Fig. 1a), compared to the condition containing only nano-TiO2, in 
which no bacterial inactivation occurred within 180 min (Fig. 1b). If 
bacteria were subjected to UV365nm irradiation, bacterial abundance 
decreased only approximately 1 log within the same time (Fig. 1c), 
indicating that damage to bacteria is greater under sub-lethal photo-
catalysis (UV365nm+TiO2) than using only UV365nm. Specifically, among 
the tested bacterial strains, E. coli DH5α (CTX) and E. coli DH5α (MCR) 
were less severely inactivated and decreased by approximately only 1 
log. Comparatively, decrease in E. coli C600 (Sm) and ASB abundance 
was faster as they were inactivated and decreased approximately 1.5 − 2 
log. These results indicate that ARB have a survival advantage over ASB 
under sub-lethal photocatalysis. According to previous reports, as 
compared to ASB, ARB can better mobilize the antioxidant system to 
cope with ROS attack generated during photocatalysis due to ARG 
expression, thereby conferring a survival advantage to ARB (Yin et al., 
2019). However, in this study, E. coli C600 (Sm) did not show a similar 
inactivation trend as the other two studied ARB under application of 
sub-lethal photocatalysis. This may be due to differences in ARGs among 
different ARB, resulting in less response of antioxidant system of E. coli 
C600 (Sm) to stress (Liu et al., 2019). Overall, under sub-lethal photo-
catalysis, none of the tested bacterial strains were fully inactivated. 
Partially damaged bacterial cells may exhibit distinct characteristics 
from normal bacterial cells, such as changes in ROS (Ding et al., 2021), 
activation of antioxidant systems (Van Acker and Coenye, 2017), al-
terations in cell membrane permeability (Yu et al., 2021), and changes 
in gene expression. These changes, as well as a decrease in ARB number, 
may affect the subsequent conjugative transfer frequency. 

Fig. 1. Inactivation of ARB & ASB at (a) sub-lethal photocatalysis (UV365nm/TiO2 (100 mg/mL)), (b) at TiO2 alone (100 mg/mL) and (c) at UV365nm alone (30 
mw/cm2). 
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3.2. ARG horizontal gene transfer 

3.2.1. Effect of sub-lethal photocatalysis on ARG conjugative transfer 
As previously mentioned, the conjugative transfer and trans-

formation of genes are the most efficient and frequent HGT pathways in 
water environments (Jin et al., 2020). Therefore, effect of sub-lethal 
photocatalysis on the conjugative transfer of ARGs was investigated 
first. Here, three kinds of experimental scenarios were tested to check 
transfer frequency affected by sub-lethal photocatalysis. That is, only 
donor bacteria, only recipient bacteria, and both donor and recipient 
bacteria. The processing time was 120 min, because sub-lethal photo-
catalysis only induced donor bacteria for 120 min, and the number of 
produced transconjugants was negligible. Thus, for the uniformity of 
experiment, 120 min was chosen as the irradiation duration. 

First, only the donor bacterial strains (E. coli DH5α (CTX) or E. coli 
DH5α (MCR)) were induced to explore conjugative transfer of ARGs 
(Fig. 2a). The results show that, in this scenario, the maximum values of 
conjugative transfer frequency were reached within 10 min for both 
induced donor bacteria. Comparatively, the maximum conjugative 
transfer frequency was much higher for the donor E. coli DH5α (MCR) 
(approximately 6-fold) than that for E. coli DH5α (CTX) (approximately 
3-fold). In addition, high conjugative transfer efficiencies were still 
retained for E. coli DH5α (MCR) induced within 10 to 40 min. In 
contrast, no significant facilitation of conjugative transfer of ARGs for 
E. coli DH5α (CTX) was observed for induction within 20 min and 
thereafter. These results indicate that inducing donor bacteria by sub- 
lethal photocatalysis could promote the increase in conjugative trans-
fer frequency within a specific time. As Fig. 1a shows, at 10 − 40 min, 
approximately 108 donor bacteria were still alive in the system, with the 
abundance of donor bacteria decreasing insignificantly. However, after 
40 min, donor bacteria number decreased significantly, suggesting that 

lower number of donor bacteria may be responsible for the decreased 
frequency of conjugative transfer. Recent studies have shown that ARGs 
promote conjugative transfer by mobilizing expression of internal genes 
and activating antioxidant system in ARB (Chen et al., 2019; Li et al., 
2020; Yin et al., 2021). Furthermore, plasmid size may also be related to 
conjugative transfer (Walsh et al., 2011). Therefore, under sub-lethal 
photocatalysis, ARGs may lead to expression of related genes and anti-
oxidant systems, resulting in different conjugative transfer frequencies. 
In addition, two interference factors exist in this sub-lethal photo-
catalytic system. One is the effect of sub-lethal photocatalysis on genetic 
mutation of strains, and the other is that nano-TiO2 may affect con-
jugative transfer. To evaluate these factors, we first coated sub-lethal 
photocatalysis-induced donor and recipient strains on transconjugant 
resistance plates and found that no mutant strain was produced due to 
sublethal photocatalytic treatment (Table S3). For nano-TiO2, number of 
transconjugants hardly changed from 0 − 120 min (Fig. S2). These re-
sults indicate that sub-lethal photocatalysis is still the main driving force 
producing transconjugants by conjugative transfer of the two donor 
strains. 

However, a different conjugative transfer trend was observed when 
only the recipients were subjected to sub-lethal photocatalysis (Fig. 2b). 
With increasing recipient induction time, the transconjugant number 
decreased steadily for the donor strain. If the calculation results are 
considered, the conjugative transfer frequency decreased with fluctua-
tions and then increased substantially for donor E. coli DH5α (CTX) 
(Fig. 2c). However, we still think that sub-lethal photocatalysis induc-
tion of only recipient strain would exert inhibitory effects on conjugative 
transfer for the following reasons. First, whether sub-lethal photo-
catalysis induced only donor to promote conjugative transfer stems from 
the increase in transconjugant number (Fig. S3), which is different from 
the situation where only recipients were induced (Fig. 2b). Second, 

Fig. 2. The frequency of conjugative transfer of 
(a) only donor bacteria were induced by sub- 
lethal photocatalysis; (b) The changes in the 
number of transconjugants in the conjugative 
transfer of only recipient bacteria were induced 
by sub-lethal photocatalysis; (c) The frequency 
of conjugative transfer of only recipient bacte-
ria were induced by sub-lethal photocatalysis; 
(d) The frequency of conjugative transfer of 
both the donor bacteria and recipient bacteria 
were induced by sub-lethal photocatalysis.   
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substantial increase in conjugative transfer frequency that occurred 
within 120 min could be because part of the recipient E. coli C600 (Sm) 
was inactivated (Fig. 1a). In this case, the conjugative transfer frequency 
would increase if the produced transconjugant number is maintained or 
slightly decreased, since the conjugative transfer frequency was calcu-
lated using the ratio of the produced transconjugant number to the 
recipient cell number (Lopatkin et al., 2016). This was further confirmed 
by the gradually decreasing number of finally produced transconjugants 
(Fig. 2b). In summary, sub-lethal photocatalysis induced an “increase” 
in the conjugative transfer frequency because of the terminal phase of 
recipient, rather than an increase in transconjugant numbers. Thus, 
increasing transconjugant number drives migration and diffusion of 
ARGs, as well as generation of multidrug-resistant bacteria. Therefore, 
when we look at the global antibiotic resistance crisis, we should pay 
attention to the fate of transconjugants, not just the changes in the 
conjugative transfer frequency. As such, we believe that sub-lethal 
photocatalysis can inhibit conjugative transfer by only inducing 
recipients. 

As observed, sub-lethal photocatalysis-induced donor bacteria can 
promote conjugative transfer in the prophase (10 – 40 min), while the 
induced recipient bacteria can inhibit conjugative transfer (Fig. 2a-2c). 
This is only the case for sub-lethal photocatalytic induction of recipient 
or donor bacteria. Still, some concerns need further exploration. For 
instance, it is important to know whether the donor bacteria that un-
derwent prolonged sub-lethal photocatalysis induction truly lost the 
conjugative transfer ability, and whether the “positive effect” of sub- 
lethal photocatalysis induction on the donor bacteria can counteract 
its “negative effect” on the recipient bacteria. Therefore, following ex-
periments were carried out. First, we explored effect of sub-lethal pho-
tocatalysis pretreatment of both donor and recipient bacteria over a 
specific time (E. coli DH5α (CTX) (90 min), E. coli C600 (Sm) (10 min)), 
followed by mixing of recipient or donor bacteria separately to achieve 
different stimulation times for conjugative transfer (Fig. 2d). Pretreat-
ment of recipient E. coli C600 (Sm) for 10 min (type C) significantly 
increased conjugative transfer frequency, peaking at an approximately 
22-fold increase at 90 min, compared to the non-pretreated recipient 
strain. Additionally, pretreatment of donor bacteria E. coli DH5α (CTX) 
for 90 min (type B) significantly increased the conjugative transfer fre-
quency, peaking at an approximately 11-fold increase at 30 min, 
compared to the non-pretreated donor bacteria. This indicates that 
conjugative transfer potential of ARGs might be underestimated if only 
the recipient or donor bacteria were subjected to induction (Fig. 2a and 
2b), for which it was observed that conjugative transfer primarily occurs 
during the early stage. However, a high conjugative transfer frequency 
can still be maintained during the latter stage (>90 min) for the sub- 
lethal photocatalytic induction of both recipient and donor bacteria 
(Fig. 2d), which reflects real waste water treatment scenario, since all 
the bacterial strains will be subjected to the treatment. Finally, qPCR 
verification was performed on the transconjugant and no “false positive” 
was found in the transconjugant (Table S5). In a word, this reminds us 
that conjugative transfer in natural water environment may be a general 
phenomenon that frequently occurs. For instance, the conjugative 
transfer frequency is similarly promoted by the interfacial action be-
tween visible light and natural sphalerite (Yin et al., 2021). Disinfec-
tants, such as chlorine and hypochlorous acid, also similarly promote 
conjugative transfer of ARGs (Guo et al., 2015; Zhang et al., 2017), 
suggesting that ARG transmission can be accelerated during wastewater 
treatment. In addition, CO2, marcasipine (Wang et al., 2019), 
nano-silver ions (Lu et al., 2020a) and triclosan (Lu et al., 2020b) have 
been shown to promote horizontal ARG transfer in different water 
media. Therefore, the propagation of sub-lethal photocatalysis-induced 
ARGs in natural water environments cannot be ignored. 

In summary, by determining the conjugative transfer frequency in 
different contexts, we found that conjugative transfer appears to be 
regulated by (1) ROS accumulation (Qiu et al., 2012), (2) antioxidant 
system (Hong et al., 2019), and (3) energy supply (Chen et al., 2005), 

which will be discussed in the following sections. 

3.2.2. Transformability of extracellular plasmids under sub-lethal 
photocatalysis 

Besides the conjugative transfer pathway, the ARG transformation 
pathway was further investigated within the same system. However, no 
transformant production was observed when E. coli C600 (Sm) was used 
as the recipient bacterial strain. To further investigate the trans-
formability of extracellular plasmids from ARB, competent E. coli DH5α 
was used as an alternative recipient bacterial strain according to a 
previously published method (Jin et al., 2020). The produced trans-
formants are considered theoretical transformants, and the trans-
formability of the ARB was evaluated by the number of produced 
theoretical transformants. The transformability of extracellular plasmids 
originating from both E. coli DH5α (CTX) and E. coli DH5α (MCR) over 
120 min was evaluated under sub-lethal photocatalysis. Sublethal pho-
tocatalytic treatment of E. coli DH5α (CTX) and E. coli DH5α (MCR) 
generated extracellular plasmids, and their transformability was exam-
ined. As shown in Fig. 3a, transformability was not observed for the 
extracellular plasmids from induced E. coli DH5α (CTX). In contrast, 
transformability of the extracellular plasmids from induced E. coli DH5α 
(MCR) was observed over the whole 120 min. Additionally, compared 
with the number of transconjugants produced throughout the con-
jugative transfer experiment, the E. coli DH5α (MCR) transformation 
experiment produced more than half of the observed theoretical trans-
formants (Fig. 3b). Furthermore, under sub-lethal photocatalysis, E. coli 
DH5α (CTX) exhibited better cell preservation than E. coli DH5α (MCR) 
(Figs. S4 and S5). This suggests that more extracellular plasmids could 
leak from E. coli DH5α (MCR) into the water, which provides higher 
potential for ARG transformation. To test this idea, the extracellular 
plasmid concentrations from the two donor bacteria were determined 
(Table. S4). The extracellular plasmid concentration of E. coli DH5α 
(MCR) was higher than that of E. coli DH5α (CTX) (0 − 120 min). 
Furthermore, the expression levels of the two kinds of extracellular 
plasmids were determined by qPCR (Fig. S6). The concentration of the 
extracellular plasmid containing the MCR resistance gene was about 
300- to 850-fold higher than that containing the CTX resistance gene. 
These results suggest that abundant MCR plasmids for ARG trans-
formation exist in water after sub-lethal photocatalytic treatment. 
However, it must be pointed out that none of the transformants were 
generated after mixing the above extracted extracellular plasmids with 
the sub-lethal photocatalysis-induced recipient bacterial strain E. coli 
C600 (Sm) at different times, and this same experiment was repeated at 
least five times. This may be related to the species of recipient bacteria 
used or to the manner of induction. It has been reported that the use of 
both Pseudomonas aeruginosa and Enterococcus faecalis as recipient bac-
terial strains induced by a specific concentration of chlorine can exhibit 
a strong ability to accept free ARGs because they are in a competent state 
(Jin et al., 2020). However, this phenomenon was not observed in the 
system of the sub-lethal photocatalysis-induced recipient bacterial strain 
E. coli C600 (Sm), indicating that this strain may not enter the competent 
state; thus, the detailed mechanism will be studied in future work. 
Similarly, we performed qPCR validation on transformants and found no 
"false positives" for the transformation (Table S5). In summary, although 
sub-lethal photocatalysis-induced recipient bacterial strain did not 
possess the ability to accept free ARGs, the extracellular antibiotic 
resistance plasmids from the specific sub-lethal photocatalysis-induced 
ARB exhibited transformability. On occasions where transformation can 
occur, the number of transformants would theoretically be half that of 
the transconjugants. This suggests that transformation remains a very 
important mode of dissemination during the horizontal transfer of ARGs 
in aquatic environments. 
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3.3. Stress mechanism of ARG conjugative transfer induced by sub-lethal 
photocatalysis 

3.3.1. The antioxidative stress system 
Recent reports have suggested that various stressors in the environ-

ment can alter the permeability of the cell membrane and affect the 
oxidative stress system by increasing intracellular ROS (Andersson and 
Hughes, 2014). Consequently, this can affect the occurrence of con-
jugative transfer. Since sub-lethal photocatalysis adversely affects ARB, 
it can lead to higher intracellular ROS, thereby accelerating ARG 
propagation through a corresponding conjugative transfer mechanism. 

In this study, during sub-lethal photocatalytic induction, the intracel-
lular ROS of E. coli DH5α (MCR) and E. coli C600 (Sm) first showed an 
upward and then a downward trend (Fig. 4a), whereas that of E. coli 
DH5α (CTX) remained elevated at the later time of induction (>90 min). 
The differing trends for the different bacteria may be due to the fact that, 
after 120 min of induction, most E. coli DH5α (CTX) cells remained 
intact, as confirmed by SEM (Fig. S4). This resulted in only low levels of 
ROS leaking into external environment from the E. coli DH5α (CTX) 
cells, while high levels of ROS remained in the strain. For E. coli DH5α 
(MCR), the intracellular ROS levels were dramatically elevated at 10 
min (Fig. 4a), while promotion of conjugative transfer by the sub-lethal 

Fig. 3. (a) Situation of transformability of extracellular plasmids of donor bacteria (number of transformants); (b) Number of transconjugants and theoretical 
transformants generated under only induce of the E. coli DH5α (MCR). 

Fig. 4. (a) ROS changes of ARB; (b) CAT changes of ARB; (c) SOD changes of ARB; (d) GSH-PX changes of ARB, under sub-lethal photocatalysis.  
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photocatalysis-induced donor bacteria at this time similarly reached its 
maximum. Likewise, inducing E. coli C600 (Sm) as a recipient bacterium 
at 10 min significantly increased the frequency of conjugative transfer 
(Fig. 2d, type C). These findings demonstrate that an increase in intra-
cellular ROS can promote conjugative transfer. However, during other 
time periods (60 – 120 min), the increase in intracellular ROS did not 
result in an elevated conjugative transfer frequency. A previous study 
reported that high levels of intracellular ROS, as induced by higher 
concentrations of disinfectants, may instead inhibit conjugative transfer 
of ARGs (Zhang et al., 2017). Therefore, this study confirms consistent 
results. First, the conjugation experiments were carried out using E. coli 
DH5α (CTX) pre-induced for 90 min and E. coli C600 (Sm) induced for 
different times. The results show that the conjugative transfer frequency 
was significantly higher than that of the control group (E. coli C600 (Sm) 
induced for 0 – 90 min) (Fig. 2d, type A and B). However, when E. coli 
C600 (Sm) was induced for 120 min, the conjugative transfer frequency 
sharply decreased, which may be caused by excessive accumulation of 
ROS. Second, the conjugation of E. coli C600 (Sm) pre-induced for 10 
min and E. coli DH5α (CTX) induced for 0 – 120 min was evaluated, and 
the frequency of conjugative transfer was found to be significantly 
higher than that of the control group (Fig. 2d, type C and D). Meanwhile, 
higher ROS levels were observed in the donor E. coli DH5α (CTX). 
However, conflicting results appear to occur when both recipient and 
donor bacteria produce higher levels of ROSs (Fig. 2a and 2d). We 
speculate that this may be due to the presence of induced recipients in 
the system compared to the case where only the donor strain was 
induced. In the two other systems, when the frequency of conjugative 
transfer increased (Fig. 2d, type B and C), ROS was also high (10 – 40 
min) in the recipients (Fig. 4a). This suggests that a suitable increase in 
ROS within the recipient during conjugative transfer may counteract the 
detrimental effect caused by excessive ROS inside the donor bacteria, 
thereby promoting conjugation. 

To further understand the relationship between ROS and ARG con-
jugative transfer, Fe(II)-EDTA (0.1 mmol/L) and isopropyl alcohol (0.5 
mmol/L) were added to the sublethal photocatalytic system. Fe(II)- 
EDTA was used to remove H2O2 and isopropyl alcohol was used to 
remove •OH. The frequency of conjugation decreased with the 
decreasing ROS level (10 – 40 min) (Fig. S7), which further indicates 
that an increase of ROS in ARB can promote the conjugative transfer of 
ARGs. Taken together, we believed that the increased intracellular ROS 
in the ARB promotes a heightened frequency of conjugative transfer, but 
might not be the only influencing factor, to understand the mechanism 
from an enzymological point of view. 

In addition, bacteria produce various antioxidant enzymes, including 
CAT, SOD and GSH-PX, to cope with increases in intracellular ROS. 
These antioxidant enzymes can reduce O2

•− and H2O2 attack to lower the 
oxidative stress suffered by bacteria (Hong et al., 2019; Li et al., 2019; 
Van Acker and Coenye, 2017). Among them, CAT decomposes H2O2 into 
H2O and O2 (Hong et al., 2019); SOD converts superoxide into H2O2 and 
other hydroperoxides (Das et al., 2013); and GSH-PX acts in combina-
tion with CAT and SOD to alleviate the oxidative process of ROS (Van 
Acker and Coenye, 2017). Therefore, during sub-lethal photocatalytic 
induction of ARB, determining the ROS content in bacteria and the ac-
tivities of antioxidant enzymes can help us to understand the relation-
ship between the antioxidant stress system and ARG conjugative 
transfer. Herein, as shown in Fig. 4b, over 120 min of induction, CAT 
activity in E. coli DH5α (CTX) and E. coli DH5α (MCR) first increased and 
then decreased. E. coli DH5α (CTX) exhibited the maximum CAT enzyme 
activity at 10 min, and E. coli DH5α (MCR) likewise retained high CAT 
activity from 10 − 40 min. This is generally consistent with the trend in 
conjugative transfer frequency observed for the sub-lethal photo-
catalysis-induced donor strain (Fig. 2a). Although an inhibition trend 
was observed for the CAT activity of E. coli C600 (Sm) over the same 
induction time, it was basically consistent with the decreasing trend in 
conjugative transfer frequency obtained from the effect of sub-lethal 
photocatalysis-induced recipient bacteria. All the above phenomena 

indicate that CAT activity in the antioxidant system can influence the 
conjugative transfer of ARGs. In addition, the SOD and GSH-Px activities 
of the three ARB all increased at 10 min. Even at 90 min, the two en-
zymes still showed stronger activity for E. coli DH5α (CTX) than the 
control group. These results are consistent with the effect of sub-lethal 
photocatalysis on conjugative transfer. Altogether, the above results 
suggest that when ARB are exposed to a sub-lethal photocatalytic 
environment, the increase in ROS, as well as the activation of the anti-
oxidant stress system, are the reasons behind the accelerated con-
jugative transfer of ARGs. 

3.3.2. The ATP system 
A recently published study showed that ATP is not only a life sus-

taining activity of bacteria (Chen et al., 2005), but also a limiting factor 
for gene conjugative transfer. It can provide energy for the horizontal 
transfer of ARGs, and many environmental factors affect the occurrence 
of conjugative transfer by affecting ATP synthesis (Lu et al., 2018; Yu 
et al., 2020). To understand this process from an energy perspective, the 
change in ATP content was determined in the three studied ARB systems 
subjected to sub-lethal photocatalytic induction for different times 
(Fig. 5). During the 120 min induction period, the ATP content of both 
donor bacterial strains E. coli DH5α (CTX) and E. coli DH5α (MCR) 
initially showed an upward and then a downward trend. Specifically, 
increased ATP, compared with the control, was also found at 10 min for 
both donor bacterial strains, with the ATP content peaking at 10 min for 
E. coli DH5α (MCR). This corresponds to the above-mentioned obser-
vation that sub-lethal photocatalysis induced the maximum fold in-
crease in the conjugative transfer of donor bacteria at 10 min (Fig. 2a). 
For the recipient bacteria, ATP is also linked to conjugative transfer. 
Similar to the decreasing trend in the number of transconjugants pro-
duced by the sub-lethal photocatalysis-induced recipient strain (Fig. 2b), 
the ATP content in the recipient E. coli C600 (Sm) after sub-lethal 
photocatalysis induction showed a decreasing trend. The above data 
suggest that, similar to other environmental factors, sub-lethal photo-
catalysis can also increase the occurrence of conjugative transfer by 
influencing the ATP content and, thus, affecting the bacteria, which 
provides a new direction for curbing the diffusion of ARGs. 

3.4. Gene expression under sub-lethal photocatalysis 

To further elucidate the underlying mechanism that promotes ARG 
conjugative transfer during sub-lethal photocatalytic induction of ARB 
from a genetic perspective, we determined the changes in several key 
genes during ARG conjugation transfer. It needs to be declared that, the 
expression of key genes is a relative variation. For E. coli DH5α (CTX), 

Fig. 5. ATP changes of ARB under sub-lethal photocatalysis.  
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the expression of conjugative transfer-related genes peaked at 10 min 
(Fig. 6a), which was exactly in line with the time point exhibiting the 
highest conjugative transfer frequency (Fig. 2a). The up-regulation of a 
membrane repair gene (basS) and an ARG (blaCTX-M) from 10 to 40 min 
indicates that the bacteria actively responded to the adverse effects of 
the exterior environment during the initial stage of sub-lethal photo-
catalysis. The gene (ompA), encoding an outer membrane protein, was 
elevated approximately 13-fold compared with the control at 10 min 
(Fig. 6a), indicating increased cell membrane permeability of the donor 
bacteria. According to related reports, an increase in cell membrane 
permeability contributes to the conjugative transfer of ARGs (Qiu et al., 
2012; Wang et al., 2019). For the antioxidant stress system, oxidative 
stress genes involved in the ROS stress response (rpoS and oxyR), a DNA 
repair gene (recA) and genes involved in CAT and SOD expression (katE 
and sodA, respectively) all showed a 3- to 8-fold elevation at 10 min, 
further implying that the increased ROS and activation of the antioxi-
dant stress system was one of the reasons for the accelerated conjugative 
transfer of ARGs. Furthermore, the up-regulation of conjugative 
transfer-related genes (tesB, ftsY and traG) at 10 min was approximately 
increased 4- to 7-fold, also implying that conjugative transfer-related 
genes are actively mediating the conjugative transfer of ARGs. Simi-
larly, the related genes of E. coli DH5α (MCR) were obviously 
up-regulated from 10 to 40 min (Fig. 6b). This is also consistent with the 
increased conjugative transfer over the same time duration. 

As mentioned above, only one recipient strain (E. coli C600 (Sm)) 
under sub-lethal photocatalysis induction, but not the donor strain E. coli 
DH5α (CTX), did not facilitate conjugative transfer of ARGs (Fig. 2c). 
Conversely, if the donor strain E. coli DH5α (CTX) was induced in 
advance with sub-lethal photocatalysis for 90 min, obvious promotion of 
ARG conjugative transfer appeared at 10 − 50 min (Fig. 2d, type B). In 
response to the above results, for E. coli C600 (Sm), the expressions of 
conjugative transfer-related genes (tesB, ftsY and traG), oxidative stress 
genes (rpoS and oxyR), SOS and DNA repair genes (recA and lex), and the 
outer membrane-associated gene (ompC) were all found to be up- 
regulated to various degrees within the corresponding time (Fig. 6c). 
This further suggests that conjugative transfer is not facilitated solely by 
up-regulating gene expression in the recipient strain E. coli C600 (Sm). 
Conjugative transfer-related genes (tesB, ftsY and traG), which facilitate 
conjugative transfer in the recipient, depend on the state of the donor (at 
high ROS levels) (Fig. 4a). High ROS accumulation inside the donor 
bacteria may increase cell membrane permeability. As a result, the 
conjugative transfer of ARGs is less dependent on ATP, due to this cell 
membrane permeability. Therefore, the conjugative transfer-related 
genes were fully expressed, allowing conjugative transfer of ARGs to 
occur. Previous work also reported that CeO2 may be more likely to 
directly bind to the cell membrane, potentially damaging the cell 
membrane and consequently lowering the energy requirement for the 
ARG transfer (Yu et al., 2020). 

Similarly, when the recipient strain was induced for 10 min, their 

expression in response to internal ROS stress (rpoS and oxyR) was up- 
regulated due to the increasing ROS level (Fig. 4a). In turn, expression 
of the DNA repair gene (recA), conjugative transfer-related genes (tesB, 
ftsY and traG), membrane repair gene (basS), SOS and DNA repair genes 
(recA and lex) was up-regulated (Fig. 6c). This indicates that ROS 
generated in response to sub-lethal photocatalysis maintains the recip-
ient strain in an activated state (Figs. 4a and 6c). As proposed above, 
conjugative transfer due to ROS inside the recipient strain may account 
for the differential effect on the conjugative transfer caused by excessive 
ROS inside the donor bacteria. The essential reason for this is that the 
higher ROS level inside the recipient, which enables activation of its 
conjugative transfer-related systems, offsets the “adverse effects” caused 
by excessive ROS inside the donor bacteria (Fig. 2d type C, Fig. 4a). 

In summary, by measuring the gene expression, we found that the 
activation of conjugative transfer-related genes in the donor strain can 
promote conjugative transfer. However, activation of conjugative 
transfer-related genes in the recipient does not independently promote 
the occurrence of conjugative transfer. The successful uptake of ARGs by 
recipients depends on the state of the donors. Moreover, high expression 
of conjugative transfer-related genes in recipients can offset the adverse 
effects of excessive ROS on conjugative transfer-related systems in do-
nors (Fig. 7). Nevertheless, when the same sub-lethal photocatalytic 
induction was performed, different results were obtained for the donor 
E. coli DH5α (MCR) in this work. This observation might be related to 
different targets of ARG action in the ARB at different durations, which 
needs to be studied in the future. 

4. Conclusion 

This study demonstrates that photocatalysis, which is a potentially 
advanced oxidation process if applied in water treatment as a sub-lethal 
model, might promote the conjugative transfer of ARGs between E. coli. 
That is, if ARB were induced with sub-lethal photocatalysis in advance, 
the induced ARB would possess a stronger release or uptake capacity for 
ARGs, compared to ARB without sub-lethal photocatalytic treatment. 
Furthermore, the risk of spreading ARGs could be underestimated if only 
the recipient or donor bacteria were subjected to induction by sub-lethal 
photocatalysis. For specific ARB, along with conjugative transfer, the 
dissemination of ARGs by transformation could also occur in the same 
system as a mode of horizontal transfer. Mechanism results demonstrate 
that not only the oxidative stress response and higher cell membrane 
permeability, but also ATP content, were the main reasons for promot-
ing ARG conjugative transfer. The results obtained herein contribute to 
better assessment and transmission risk control of ARGs in water. 

Appendix A. supplementary data 

Supplementary data associated with this article can be found, in the 
online version. 

Fig. 6. (a) E. coli DH5α (CTX) related genes expression; (b) E. coli DH5α (MCR) related genes expression (c) E. coli C600 (Sm) related genes expression, under sub- 
lethal photocatalysis. 
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