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• Photodegradation of Tc-ARG was 
observed under simulated sunlight 
irradiation. 

• Photodegradation of Tc-ARG was pro
moted by SRFA, and further inhibit its 
HGT. 

• Mechanisms for the degradation and 
promotion of Tc-ARG were revealed by 
DFT. 

• Tc-ARG can undergo fast photo
degradation in the Yellow River estuary.  
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A B S T R A C T   

The presence of antibiotic resistance genes (ARGs) in the environment poses a threat to human health and 
therefore their environmental behavior needs to be studied urgently. A systematic study was conducted on the 
photodegradation pathways of the cell-free tetracycline resistance gene (Tc-ARG) under simulated sunlight 
irradiation. The results showed that Tc-ARG can undergo direct photodegradation, which significantly reduces its 
horizontal transfer efficiency. Suwannee River fulvic acid (SRFA) promoted the photodegradation of Tc-ARG and 
further inhibited its horizontal transfer by generating reactive intermediates. The photodegradation of Tc-ARG 
was attributed to degradation of the four bases (G, C, A, T) and the deoxyribose group. Quantum chemical 
calculations showed that the four bases could be oxidized by the hydroxyl radical (HO•) through addition and H- 
abstraction reactions. The main oxidative product 8-oxo-dG was detected. This product was generated through 
the addition reaction of G-C with HO•, subsequent to dissolved oxygen initiated H-abstraction and H2O catalyzed 
H-transfer reactions. The predicted maximum photodegradation rates of Tc-ARG in the Yellow River estuary 
were 0.524, 0.937, and 0.336 h− 1 in fresh water, estuary water, and seawater, respectively. This study 
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furthermore revealed the microscopic photodegradation pathways and obtained essential degradation parame
ters of Tc-ARG in sunlit surface water.   

1. Introduction 

Antibiotic resistance genes (ARGs) represent a kind of emerging 
pollutants (Pruden et al., 2006) which pose a serious threat to human 
health and the ecosystem (Luo and Zhou, 2008). ARGs are ubiquitous in 
the environment and have been detected in water bodies, soils, sedi
ments, and other environmental media (Zhang et al., 2018a). Among 
these media, water bodies were proven to be a main reservoir of ARGs. 
Distinct from traditional pollutants, ARGs could spread through two 
pathways: vertical gene transfer (VGT) and horizontal gene transfer 
(HGT) (Alekshun and Levy, 2007; Chen et al., 2015). HGT is realized 
through transformation, transduction, and combination mechanisms 
(Chen et al., 2019). 

In natural waters, ARGs mainly exist in two forms: the genes in cells, 
i.e. intracellular ARGs (i-ARGs) and the genes directly exposed in the 
environment, i.e. extracellular ARGs (e-ARGs) (Chang et al., 2017). The 
i-ARGs mainly transfer via transduction by bacteriophages and by 
combination with mobile genetic elements (MGEs), such as plasmids, 
transposons, and integrons, from one bacteria to another bacteria, while 
e-ARGs mainly spread through transformation into bacteria. The latter 
occurs more frequently in the aquatic environment and among the 
detected e-ARGs, tetracycline and sulfonamide are the most common 
resistance genes (Qiao et al., 2018). Especially plasmid-mediated 
transformation has been extensively investigated (Bellanger et al., 
2014; Dang et al., 2017; Zhao et al., 2020). The spread of ARGs in water 
can increase their exposure risks to human beings (Luo and Zhou, 2008; 
Amarasiri et al., 2020). Therefore, it is of great significance to investi
gate the transformation behavior of e-ARGs in natural waters. 

It is well known that photochemical transformation induced by 
sunlight is the main degradation pathway of emerging organic pollut
ants in surface water (De Hoe et al., 2019; Edhlund et al., 2006; Li et al., 
2016). Previous studies have also shown that light irradiation can 
induce degradation of ARGs (Zhang et al., 2019a), and ultraviolet 
disinfection can also reduce e-ARGs to a certain extent (Zhang et al., 
2019b; McKinney and Pruden, 2012; Sinha and Hader, 2002). For 
example, Chang et al. (2017) reported that e-ARGs can be degraded 
under UV254. Apart from this, efficient degradation of ARGs can occur 
under the action of UVB (290–380 nm) (Cheng et al., 2022) and slight 
degradation can occur under UVA (300–400 nm) irradiation (Moreira 
et al., 2018). Recently, it was shown that ARGs can undergo direct 
photodegradation under simulated sunlight irradiation (Zhang et al., 
2020a). 

Besides direct photodegradation, ARGs can also undergo dissolved 
organic matter (DOM) induced indirect photodegradation. In previous 
studies, ARGs were proven to be efficiently degraded in the UV/H2O2 
and UV/chlorine systems, as mainly induced by generated reactive 
species, especially hydroxyl radicals (HO•) (Wang et al., 2020; Yoon 
et al., 2017; Phattarapattamawong et al., 2021). In sunlit surface water, 
photochemically produced reactive intermediates (PPRIs), such as HO•

and singlet oxygen (1O2) can be generated, and DOM is an important 
sensitizer that induces the generation of these PPRIs (Wang and Chen, 
2020; Wenk et al., 2011). Zhang et al. (2019a) found that the presence of 
DOM could promote the photodegradation of tetA and blaTEM-1 resis
tance genes due to the generation of HO• and 1O2, and the promotional 
effect of DOM on the photodegradation of ARGs further inhibited its 
transformation rate. 1O2 could result in the damage of bases in DNA 
molecules through oxidation (Ravanat et al., 2001; Zhang et al., 2019a). 
However, the detailed photodegradation pathways of ARGs at the mo
lecular level are still not fully understood. 

ARG is a DNA fragment with a special expression function, and the 
basic unit of DNA is deoxyribonucleosides (dG, dC, dT, dA) which 

consist of four bases (G, C, T, A) and deoxyribose. The photodegradation 
of e-ARGs under sunlight irradiation may mainly be attributed to the 
degradation of the four deoxyribonucleosides or bases. Therefore, the 
photodegradation pathways of deoxyribonucleosides and bases, espe
cially their detailed reactions with reactive species, need to be revealed. 
Density functional theory (DFT) calculations are regarded as an efficient 
tool to probe reaction mechanisms, and have been frequently used to 
investigate the reaction pathways of organic pollutants with reactive 
species (Li et al., 2014; Fu et al., 2016). The reactions pathways of 
organic pollutants with HO•, chlorine radicals, and superoxide radical 
have been well investigated using DFT calculation, of which results is in 
according with the experimental results (Bai et al., 2022; Li et al., 2014; 
Luo et al., 2021; Zhang et al., 2018b). 

Thus in this study, the photodegradation of ARGs was investigated 
with the tetracycline resistance gene (Tc-ARG) as a representative. Tc- 
ARG was selected due to its ubiquity in the aqueous environment with 
concentrations ranging from 101-106 copies mL− 1 (Jiang et al., 2013; 
Qiao et al., 2018). The pBR322 plasmid that is carrying Tc-ARG, was 
selected as the target plasmid. The effect of DOM was studied with 
Suwannee River fulvic acid (SRFA) as a representative. To elucidate the 
degradation pathways of Tc-ARG, photodegradation of the four deoxy
ribonucleosides and bases were investigated and the detailed reaction 
pathways of the four bases with typical reactive intermediate were 
calculated with DFT. The photolysis rate constant of Tc-ARG in natural 
waters was also predicted. The study provides basic data and the sci
entific basis for revealing the migration and transformation behavior of 
ARGs in natural waters. 

2. Materials and methods 

2.1. Materials 

pBR322 plasmid (0.5 g L− 1，4361 bp，NCBI GenBank NO. 
J01749.1) that is carrying the tetracycline resistance gene (Tc-ARG, 
tetA, 1261 bp) was purchased from ThermoFisher Scientic Inc. The 
plasmid was used as representative e-ARGs, and the sequences of the 
target gene and primer are listed in Table S1 in the Supporting Infor
mation (SI). Suwannee River fulvic acid (SRFA, 2S1010F) was purchased 
from the International Humic Substances Society. E.coli HB101 compe
tent cells that were purchased from the Takara Biotechnology Co. Ltd. 
(Dalian, China) were used as recipient bacteria. Deoxyribonuclease I 
(DNase I), phosphodiesterase I, alkaline phosphatase (ALPase), deoxy
guanosine (dG), deoxyadenosine (dA), and deoxythymidine (dT) were 
obtained from Sangon Biotech Co. Ltd. (Shanghai, China). Deferoxamine 
mesylate (DFO), 8-hydroxy-2′-deoxyguanosine (8-oxo-dG), deoxy
cytidine (dC), rose bengal (RB), furfuryl alcohol (FFA, 98%), sorbic acid 
(SA, 99%), acetophenone (AP, 98%), benzene (98%), phenol and 2,4,6- 
trimethylphenol (TMP, 99%) were purchased from J&K Scientific. All 
other chemicals, materials, and corresponding commodity suppliers are 
listed in Test S1 in the SI. 

2.2. Steady-state irradiation experiments 

The steady-state irradiation experiments were carried out in an XPA- 
7 merry-go-round photochemical reactor (Xujiang Electromechanical 
Plant, Nanjing, China) with quartz tubes containing the Tc-ARG sample. 
A water-cooled 1000 W Xenon lamp equipped with 290 nm filters was 
used to imitate the sunlight. The light intensity at the surface of the 
quartz tube was detected with a TriOS-RAMSES spectroradiometer 
(TriOS GmbH, Germany), and the results are shown in Fig.S1. In the 
irradiation experiment, the stirring speed of the DNA sample was 
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controlled at 300 ± 5 rpm, and the condensate temperature was 
controlled at 25 ± 1 ◦C using the condensing device. 

The plasmid was dissolved in phosphate buffer solution (PBS) to 
ensure that the pH = 7.0 and some quartz tubes wrapped with two layers 
of aluminum foil were used as dark controls. The volume of the plasmid 
solution is 4.0 mL and the initial concentration was 1 μg mL− 1. At 
different intervals (0, 30, 60, 90, 120, 240 min), 100 μL sample were 
taken from a tube, and Tc-ARG was determined by real time-quantitative 
polymerase chain reaction (RT-qPCR) with short primer. The detailed 
methods are given in the SI (Text S2). 

To explore the effect of DOM, SRFA was added with an initial con
centration of 10 mg L− 1 (4.8 mgC L− 1). The concentration of SRFA was 
selected to be consistent with the concentration of DOM in surface water 
(Zhang et al., 2018b). The role of PPRIs produced by SRFA was explored 
by performing quenching experiments. IPA (25 mM) was used as a 
scavenger to remove HO• (Latch et al., 2003), FFA (1 mM) to remove 1O2 
(Fan et al., 2019), and SA (2 mM) to remove excited triplet state of SRFA 
(3SRFA*) (Grebel et al., 2011). The steady-state concentration of the 
PPRIs, including 3SRFA*, 1O2, and HO•, were determined using chemical 
probes such as 2,4,6-trimethylphenol for 3SRFA*, FFA for 1O2, and 
benzene for HO• (Zhou et al., 2018). 

The basic units of DNA are the four bases. To further clarify the 
degradation pathway of ARGs, the photochemical degradation kinetics 
of the four bases were measured, and a two-base DNA strand (G-C) was 
used as a representative to investigate the photodegradation of short- 
stranded DNA. The steady-state irradiation experiments were the same 
as performed for Tc-ARG as described above, and the quantitative 
analysis method of the bases and G-C is described in Text S3 in the SI. 

2.3. Transformation experiments 

The transformation experiments were performed to study the change 
of the HGT ability of e-ARGs during the photodegradation. The degraded 
plasmid was purified by purification kits and then transferred into 50 μL 
E.coli HB101 solutions. The transformed bacteria were spread on the 
culture medium (tetracycline-resistant bacteria and total bacteria were 
counted in selective medium and normal medium, respectively.), and 
subsequently cultured at a constant temperature of 37 ◦C for 24 h. The 
colony-forming units (CFU) were counted manually. The detailed 
method of the transformation experiments is shown in Text S4. 

Transformation efficiency was calculated according to equation eq. 
(1): 

transformation efficiency=
transformed CFU

total CFU
(1)  

where the transformed CFU represented the colony number on solid 
medium with tetracycline and the total CFU was on medium without 
tetracycline. 

2.4. Determination of second-order reaction rate constants of Tc-ARG 
with PPRIs 

The second-order reaction rate constants of Tc-ARG with PPRIs are 
essential to assess the elimination rate in natural waters induced by 
sunlight. Thus, the second-order reaction rate constants between Tc- 
ARG and 3SRFA*, 1O2, HO• were determined. The detailed methods 
for determining the second-order reaction rate constants between Tc- 
ARG and 1O2, HO• are described in Text S5 and S6, and they are 
shown below for the reaction of Tc-ARG with 3SRFA*. 

The photolysis rate constant (kobs (SRFA)) of Tc-ARG in the presence of 
SRFA is composed of direct photodegradation (Sλkd) and indirect pho
todegradation (kind) as shown in eq. (2): 

kobs(SRFA) = Sλkd + kind (2)  

where Sλ is the sum of the light screening factors of SRFA that could be 

calculated by eqs. (3)–(5) (Zhang et al., 2018b), kd is the direct photo
degradation rate constant; kind can be calculated using eq. (2). 

Sλ =
1 − 10− (αλl+ελ [ARG])l

2.303(αλ + ελ[ARG])l
(3)  

l=
πr2

2r
(4)  

∑
Sλ =

∑
IλSλελ

∑
Iλελ

(5)  

where αλ is the light attenuation coefficient of SRFA at λ (cm− 1), 
measured by a UV–Vis spectrophotometer (Hitachi U2900); ελ is the 
molecular absorption coefficient (cm− 1 L− 1 mol); l is the length of the 
light path of the quartz photolysis tube (cm); r is the inner radius of the 
quartz photolysis tube, 0.65 cm was used here; Iλ is the Incident light 
intensity (Einstein s− 1 cm− 2). 

kind = k1O2 + kHO⋅ + k3SRFA*

= kARGs,1O2
[1O2

]

SS + kARGs,HO⋅[HO⋅]SS + kARGs,3SRFA*
[3SRFA*]

SS (6)  

kARGs,3SRFA* =
k3SRFA*

[3SRFA*]SS
=

kind − k1O2 − kHO⋅

[3SRFA*]SS

=
kind − kARGs,1O2[O21]SS − kARGs,HO⋅[HO⋅]SS

[3SRFA*]SS
(7)  

where kARGs,1O2, kARGs,HO• and kARGs,3SRFA* are the second-order reaction 
rate constants of e-ARGs with 1O2, HO• and 3SRFA*, among which 
kARGs,1O2 and kARGs,HO• being determined by competitive dynamics (Text 
S5 and S6). The steady concentration of PPRIs generated by SRFA, 
containing [1O2]SS, [HO•]SS and [3SRFA*]SS was obtained with the 
methods described in Text S7 in the SI, kARGs,3SRFA* could be calculated 
using eq. (7). 

2.5. Degradation kinetics of deoxyribonucleosides and detection of 8-oxo- 
dG 

The degraded pBR322 plasmid (100 μL), of which the initial con
centration was 10 μg mL− 1, was purified using DNA purification kits. 
Thereafter, 1.0 U DNase I, 0.1 U phosphodiesterase I, and 1.0 U ALPase 
were added for the digestion of the pBR322 plasmid, and DFO (1 mM) 
was added to prevent the oxidation of the DNA. The solutions were 
subsequently put in the dark at 37 ◦C for 24 h. The digested samples 
were analyzed using high-performance liquid chromatography (HPLC) 
to detect the concentrations of deoxyguanosine (dG), deoxycytidine 
(dC), deoxyadenosine (dA), and deoxythymidine (dT). High- 
performance liquid chromatography coupled with mass spectrometry 
(HPLC-MS) was used to determine the oxidation products (8-oxo-dG). 
The detailed analysis methods are described in Text S8 in the SI. 

2.6. DFT calculations 

To elucidate the microscopic photodegradation pathways of Tc-ARG, 
the reaction pathways of the four DNA bases and the two-base DNA (G-C 
as an example) with HO• were calculated with DFT. All DFT calculations 
were performed using the Gaussian 16 software package (Frisch et al., 
2016). Previous studies have shown that the B3LYP function is credible 
(Li et al., 2014; Zhang et al., 2019c), so optimization and vibration 
frequency analysis were performed at the B3LYP/6–31++G (d, p) level. 
The integral equation formalism of the polarized continuum model 
(IEFPCM) using the self-consistent reaction field method was used to 
consider the solvent effect of water. Transition states (TS) were verified 
by the only imaginary vibrational frequency and intrinsic reaction co
ordinate (IRC) analysis (Fukui, 1981). Single-point energy calculation 
was performed at the B3LYP/6–311++G (3df, 2p) level, and zero-point 
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correction was performed to obtain the thermodynamic energies (Gibbs 
energy and enthalpy). 

3. Results and discussion 

3.1. Photodegradation of Tc-ARG and influence of SRFA 

Tc-ARG could be directly degraded under simulated sunlight irra
diation, and no obvious degradation was observed under dark condi
tions (Fig. 1(a)). Therefore, light irradiation is the main force for the 
degradation of Tc-ARG. The photodegradation of Tc-ARG followed 
pseudo-first-order kinetics and the observed photolysis rate constant 
(kobs) was calculated to be 1.74 ± 0.02 h− 1. The apparent quantum yield 
(Φ) of Tc-ARG was calculated to be 1.56 ± 0.12 with the method 
detailed in Text S9. 

In RB solution (10 μM), the kobs of Tc-ARG was 2.17 ± 0.07 h− 1 

under simulated sunlight irradiation that is higher compared with the 
kobs in PBS. This indicated that 1O2 is capable of initiating the degra
dation of Tc-ARG. In H2O2 solution (20 mM), the degradation rate was 
accelerated up to a value of 3.06 ± 0.03 h− 1. This indicates that HO•

could also oxidize Tc-ARG. Thus, the second order reaction rate con
stants of Tc-ARG with 1O2 (kARGs,1O2) and HO• (kARGs,HO•) were deter
mined, and the values are (8.44 ± 0.12) × 106 M− 1 s− 1 and (5.11 ±
0.11) × 1010 M− 1 s− 1, respectively. 

In SRFA solutions, the kobs was 2.58 ± 0.05 h− 1, which is higher 
compared with that in PBS. This indicates that SRFA can promote the 
photodegradation of Tc-ARG. The promotional effect of Suwannee River 
natural organic matter (SRNOM) on the photodegradation of e-ARGs 
was also observed in a previous study (Zhang et al., 2019a). 

Cell-free ARGs are considered to be a neglected source for ARGs 
spreading in wastewater treatment plants (Zhang et al., 2018a), of 
which the effluent will be discharged into natural waters and induce the 
HGT of ARGs subsequently. Thus, the horizontal transformation effi
ciency of Tc-ARG during its photodegradation was determined, and the 
results are shown in Fig. 1(b) and Table S2 in the SI. As can be seen in 
Fig. 1(b), the transformation efficiency of Tc-ARG was significantly 
suppressed, and as the irradiation time increased, the inhibitory effect 
was enhanced. 

In the RB and H2O2 solutions, the transformation efficiencies of Tc- 
ARG were also decreased under simulated sunlight irradiation, 
implying that 1O2 and HO• initiated reactions can also inhibit the HGT of 
Tc-ARG. Thus, the generated reactive oxygen species (ROSs) could play 
a role in the elimination and spread of cell-free ARGs. In the presence of 
SRFA, the transformation efficiency was also significantly inhibited 
under simulated sunlight irradiation, and the inhibitory effect is stron
ger compared with that in PBS. Therefore, it can be concluded that the 
photodegradation of Tc-ARG in surface water could lead to the decline 
of HGT capacity, thereby inhibiting the diffusion of ARGs in natural 
waters. 

3.2. Contribution of PPRIs to Tc-ARG photodegradation 

As shown above, SRFA can promote the photodegradation of Tc-ARG 
and inhibit its HGT. As reported in previous studies, SRFA promoted the 
photodegradation of organic pollutants through the generation of PPRIs, 
including 3SRFA*, 1O2, and HO• (Leresche et al., 2016; Guo and Jans, 
2006; Chin et al., 2004). Therefore, the mechanism causing the impact 
of SRFA on the photodegradation of Tc-ARG was further explored by 
quenching experiments (see in Fig. 2). Addition of IPA and FFA was 
found to significantly inhibit the photodegradation of Tc-ARG. This in
dicates that 1O2 and HO• involved in SRFA initiated indirect photo
degradation of Tc-ARG. The addition of SA also significantly decreased 
the kobs of Tc-ARG. The inhibitory effect of SA is thus much stronger as 
compared to IPA and FFA. Thus, 3SRFA* played a more important role in 
the indirect photodegradation of Tc-ARG induced by SRFA. 

To calculate the contribution rate of PPRIs, steady-state concentra
tions of the PPRIs in the SRFA solution were calculated, and the results 
are shown in Table S3. The kARGs,3SRFA* was calculated with eq. (6) and 
the value is 3.65 × 109 M− 1 s− 1. Based on the calculated reaction rate 
constants and the concentrations of the PPRIs (Table S3 and S4), 
contribution rates of direct photodegradation, 1O2, HO•, and 3SRFA* to 
the photodegradation of Tc-ARG were calculated to be 60.02, 0.21, 0.01, 
and 39.76%, respectively with the method detailed in Text S10. It is 
consistent with the results of the quenching experiments that besides 
direct photodegradation, the contribution of 3SRFA* is the largest. These 
results differ from the experimental results reported by Zhang et al. 
(2019a). These authors attributed the SRNOM induced indirect photo
degradation of e-ARGs mainly to 1O2 and HO•, which reflects the 
different influence mechanisms of SRFA and SRNOM on the photo
degradation of e-ARGs. 

Fig. 1. Photodegradation kinetics of Tc-ARG in different solutions (C0 = 1 μg mL− 1) (a) and changes in transformation efficiencies (b) at pH = 7.0.  

Fig. 2. Pseudo first order kinetic constants of Tc-ARG (C0 = 1 μg mL− 1) in PBS 
and in SRFA solutions (10 mg L− 1) with different quenchers (IPA: 25 mM; FFA: 
1 mM; SA: 2 mM pH = 7.0). 
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3.3. Degradation of deoxynucleosides and generation of 8-oxo-dG during 
photodegradation of e-ARGs 

The main pathways of DNA damage are strand breaks and base 
damage (Zhang et al., 2019a; Yoon et al., 2017). Therefore, to further 
understand the photodegradation pathways of e-ARGs, the changes in 
the concentration of the four deoxynucleosides (dG, dC, dA and dT) 
during the photodegradation of Tc-ARG were investigated. The degra
dation kinetics of the four deoxynucleosides were obtained by digesting 
Tc-ARG during its photodegradation and detecting their concentrations 
using HPLC. The results showed that all four deoxyguanosines could 
undergo degradation during the photodegradation of Tc-ARG under 
direct light irradiation, and none of the deoxynucleosides degraded 
under dark conditions (Fig. 3). The values of kobs of dG, dC, dA and dT 
were calculated to be 0.0011 ± 0.0001, 0.0048 ± 0.0001, 0.0016 ±
0.0001 and 0.0107 ± 0.0010 h− 1, respectively (Table S5). These results 
demonstrated that sunlight irradiation could induce photodamage of 
deoxynucleosides in e-ARGs. The results are consistent with the research 
findings of Zhang et al. (2020b). 

The presence of SRFA could promote the degradation of the four 
deoxynucleosides, where the values of kobs of dG, dC, dA and dT were 
0.0047 ± 0.0001, 0.0061 ± 0.0003, 0.0020 ± 0.0001 and 0.0123 ±
0.0012 h− 1. They were thus increased by 327, 27, 25 and 15% respec
tively compared with the raters determined in PBS. Among the four 
deoxynucleosides, SRFA exhibited the greatest role in promoting the 
degradation of dG, indicating that PPRIs involved in indirect photo
degradation play a major role in the degradation of dG. This may be 
related to the lower redox potential of dG (Neeley and Essigmann, 
2006). 

The degradation of dG dominates the photodegradation of Tc-ARG in 
the presence of DOM in surface water, of which direct photodegradation 
and oxidative photodegradation were quite different. According to 

previous studies, 8-oxo-dG is the main product of environmental 
degradation of DNA (Li et al., 2005; Cheng et al., 1992). Therefore, to 
prove the role of dG in e-ARGs degradation, the main oxidation products 
of dG were detected before and after 12 h light irradiation. It can be seen 
from Fig. S7 that the concentration of 8-oxo-dG in the plasmid pBR322 
solution was 2.70 μg L− 1 before illumination, and the concentration 
significantly increased to 13.46 and 39.28 μg L− 1 in PBS and SRFA so
lution, respectively. This result indicates that the oxidation reaction 
initiated by the PPRIs could promote the conversion of dG to 8-oxo-dG. 
This is consistent with the results of a previous study on oxidative 
damage of DNA (Yoon et al., 2017). Based on the above results, it can be 
concluded that sunlight can induce the degradation of the four deoxy
nucleosides in Tc-ARG, and DOM promoted the oxidative degradation of 
deoxynucleosides, especially dG, by producing PPRIs. 

3.4. Photodegradation of four DNA bases 

DNA bases (G, C, A, and T) are usually considered to be the deep 
degradation products of DNA (Dizdaroglu and Jaruga, 2012). Thus, the 
photodegradation of the four DNA bases was explored, and the results 
showed that except for A, the other three bases could undergo direct 
photodegradation under simulated sunlight irradiation (Fig. 4). The kobs 
values of G, T, and C were 0.176 ± 0.005, 0.033 ± 0.002, and 0.036 ±
0.001 h− 1, respectively. 

In SRFA solutions, the photodegradation of G, T, and C was faster 
compared with the photodegradation rates in PBS with kobs values of 
0.342 ± 0.007, 0.062 ± 0.000, and 0.082 ± 0.005 h− 1, respectively. 
This finding highlights the promotional effect of SRFA on the degrada
tion of the four bases. Among them, G was degraded fastest in the SRFA 
solution, which is in accordance with the degradation of dG during the 
photodegradation of Tc-ARG, in which SRFA significantly promoted its 
degradation. The reactivity of the four bases with 1O2 and HO• was 

Fig. 3. Deoxynucleosides photodegradation in e-ARGs in PBS and SRFA solutions under simulated sunlight irradiation (pH = 7.0, C0 = 10 μg mL− 1, SRFA: 10 
mg L− 1). 
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determined in RB and H2O2 solutions to further investigate the photo
degradation pathways (Fig. S9). The results showed that G and T can be 
oxidized by 1O2 and all the four bases can be oxidized by HO• fastly. 
Thus, HO• may play an important role in the photodegradation of the 
four bases in e-ARGs in sunlit surface water. 

All four deoxynucleosides could undergo direct photodegradation 
(Fig. 3), while the three single bases except G were degraded slowly (T 
and C) or basically not degraded (A) under direct irradiation (Fig. 4). 
This finding indicates that the deoxyribose group in the DNA can also 
undergo photodegradation and may contribute to the photodegradation 
of e-ARG. In the SRFA solution, the degradation rate of all deoxy
nucleosides and single bases could be significantly promoted due to the 
generation of PPRIs, and they could be quickly oxidized by HO• (Figs. 3 
and 4). This also verified the important role of HO• in the degradation of 
e-ARGs. 

The photodegradation behavior of double-based DNA (taking G-C as 
an example) was further studied for better understanding the 

photodegradation pathways of e-ARGs. G-C was selected due to the 
degradability of dG, dC, G, and C in both PBS and SRFA solutions under 
simulated sunlight irradiation. The result showed that G-C could be 
directly photodegraded with a value of kobs of 0.101 ± 0.012 h− 1 (Fig. 4 
(e)). In SRFA solution, the value of kobs of G-C increased to 0.133 ±
0.006 h− 1, indicating the promotional effect of SRFA on the photo
degradation of G-C. Thus, the potential reactions of G-C induced by HO•

and 1O2 were investigated and the results showed that the yield of 1O2 
oxidative degradation of G-C was low as the kobs values of G-C in solu
tions with RB (0.062 ± 0.003 h− 1) were lower as compared with the 
values in PBS. Similar to single bases, HO• induced oxidative degrada
tion was also the main degradation pathway for double-based e-ARGs as 
the kobs values of G-C in H2O2 solutions increased to 0.328 ± 0.009 h− 1 

(Table S6 in the SI). Therefore, in SRFA solutions, HO• may play a crucial 
role in the indirect photodegradation of G-C. In natural waters, multi- 
base DNA strands with bases as the basic unit could also undergo 
direct photolysis and indirect photolysis initiated by PPRIs from DOM. 

Fig. 4. Bases and double base photodegradation of DNA in different solutions under simulated sunlight irradiation (pH = 7.0, C0 = 5 μg mL− 1).  
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3.5. Microscopic reaction pathways of e-ARGs with HO 

The experimental results showed that the pBR322 plasmid-encoded 
Tc-ARG can undergo direct and indirect photodegradation in natural 
waters under simulated sunlight irradiation. Faster degradation of Tc- 
ARG in H2O2 solution compared with that in PBS was observed 
(Fig. 1), which indicated that the oxidation by HO• could accelerate the 
degradation of Tc-ARG, and HO• could play an important role in the 
degradation of specific bases (e.g. G). Besides, as reported in previous 
study, HO• could induce DNA strand breaks by extracting H from sugar 
fractions of DNA (Dizdaroglu, 2012). However, at present, the micro
scopic reaction pathways of e-ARGs with HO• are not yet clear. Thus, the 
reaction pathways of the four bases of Tc-ARG (G, C, A, and T) and a 
double-based DNA (G-C) with HO• were investigated using DFT 
calculation. 

The reactions between chemical substances and HO• are mainly 
carried out through the addition of unsaturated compounds or through 
H-abstraction (Zhou et al., 2011). The four bases, G, C, A, and T have 6, 
4, 8, and 2 addition positions and 5, 5, 5, and 6 H-abstraction positions, 
respectively (Fig. 5). The possible addition and H-abstraction pathways 
of the four bases reacting with HO• were calculated. The Gibbs free 
energy change (ΔG), the enthalpy change (ΔH), and the activation free 
energy (ΔG‡) were calculated, as shown in Table S7 and Fig. S14. 

It can be seen in Table S7 and Fig S14 that for G the addition re
actions at the C2, C4, C6, and C9 sites are with a negative value of ΔG 
and ΔH. This indicates that HO• addition to the C atom of the unsatu
rated bond in G is thermodynamically spontaneous and exothermic. 
Among the reactions, the HO• addition on the C2 site is an energy-free 
reaction, so the HO• addition on C2 site is more favorable. This leads 
to the generation of hydroxylated intermediate. The H-abstraction re
action at the H13 site is thermodynamically spontaneous and 
exothermic, while the same reaction cannot proceed spontaneously at 
the H12 site. 

For C, the addition reactions at C4 and C5 are thermodynamically 
spontaneous and exothermic, while the reaction at the C3 site is ther
modynamically unspontaneous and exothermic. The HO• addition on C4 
site is more favorable to occur due to its lower ΔG‡, leading to the 
generation of the 5-hydroxycytosine intermediate according with 
experimental results (Evans et al., 2004). For the H-abstraction re
actions, the ΔG and ΔH of the reactions at H9 and H12 sites are less than 

0, indicating that these reactions are thermodynamically spontaneous 
and exothermic. 

For A, the addition reactions at C2, C4, C6, C8, and C9 sites are 
associated with negative values of ΔG and ΔH, indicating that the HO•

addition reaction is thermodynamically spontaneous and exothermic. 
Among the reactions, the HO• addition on the C2 site is an energy-free 
reaction, leading to the generation of the 8-hydroxyadenine intermedi
ate, which is consistent with the findings reported in a previous study 
(Evans et al., 2004; Von Sonntag, 2006). For the H-abstraction reactions, 
the ΔG and ΔH of the reaction at the H11, H12, H13, and H15 sites are 
less than 0 and ΔG‡ is less than 6.388 kcal mol− 1. This indicates that the 
reactions are thermodynamically spontaneous, exothermic, and can 
proceed spontaneously. 

For T, the HO• addition on the C4 and C5 sites, and the H-abstraction 
reactions at the H15 site are energy-free reactions, showing that the 
reaction at these three sites is favorable to occur. This reaction generates 
hydroxyl addition intermediates (Evans et al., 2004). The H-abstraction 
reactions at the H11, H12, H13, and H14 sites are with ΔG and ΔH less 
than 0 and the ΔG‡ is in all cases less than 5.791 kcal mol− 1. This means 
that these reactions can proceed spontaneously and exothermic, while 
the reaction at the H10 site is thermodynamically unspontaneous and 
endothermic. 

Based on the results of the DFT calculations, the main reaction 
pathways of the four bases with HO• were proposed, as shown in Fig. 5. 
For the four bases, addition and H-abstraction reactions will occur in the 
presence of HO• in natural waters. This would lead to oxidative degra
dation of e-ARG, and subsequently inhibit its spread. 

The 8-oxo-dG has been proven to be the main oxidation product of e- 
ARGs (Fig. S7). Therefore, the generation pathways of 8-oxo-dG from e- 
ARGs were investigated by calculating the reaction pathways of G-C 
(structures and atomic numberings of the base were shown in Fig. S15) 
with HO•. As can be seen in Fig. 6 and in Table S8 in the SI, G-C can react 
with HO• without an energy barrier to produce the intermediate (G-C +
HO•) with a value of ΔG of − 34.043 kcal mol− 1 at the position C2. 

The intermediate (G-C + HO•) may undergo secondary reactions 
through 4 pathways: (1) It undergo a direct H-transfer reaction with ΔG‡

of 53.789 kcal mol− 1 and ΔG of 15.467 kcal mol− 1, leading to the 
generation of IM1. This reaction is unlikely to occur due to the high ΔG‡

and positive ΔG; (2) H2O catalyzed H-transfer with ΔG‡ of 14.891 kcal 
mol− 1 and ΔG of 5.885 kcal mol− 1, leading to the generation of IM2. 

Fig. 5. Addition and H-abstraction reaction pathways of bases (G, C, A, T) with HO• (“IM” denote intermediate; and Cm and Hm for direct reaction with HO•, Cm-TS 
for HO• addition pathways, Hm-TS for H-abstraction pathways; the bonds unit is Å; the energy unit is kcal mol− 1). 
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This pathway is dynamically possible but thermodynamically non- 
spontaneous; (3) Dissolved oxygen (O2) initiated H-abstraction with 
ΔG‡ of 12.354 kcal mol− 1 and ΔG of − 27.685 kcal mol− 1, leading to the 
generation of IM3. IM3 could undergo a H2O catalyzed H-transfer re
action with ΔG‡ of 8.855 kcal mol− 1 and ΔG of − 11.160 kcal mol− 1, 
leading to the generation of 8-oxo-dG. This pathway is dynamically and 
thermodynamically spontaneous. The IM3 could also undergo direct H- 
transfer to generate 8-oxo-dG with ΔG‡ of 38.467 kcal mol− 1 and ΔG of 
− 14.394 kcal mol− 1. This pathway is unlikely to occur due to the high 
ΔG‡. (4) Another HO• initiated H-abstraction reaction with ΔG‡ of 4.114 
kcal mol− 1 and ΔG of − 16.693 kcal mol− 1, which also leads to the 
generation of IM3. Although this pathway is dynamically and thermo
dynamically spontaneous, it is very difficult to occur as the concentra
tion of HO• in natural waters is extremely low (10− 18-10− 16 M) (Vione 
et al., 2006; McKay and Rosario-Ortiz, 2015). 

The results provide above detail the pathways that are followed to 
generate 8-oxo-dG, one of the plasmid oxidation products, where two 
paths are more likely to occur. In the actual aquatic environment, due to 
the presence of DOM in water, HO• is produced under natural light 
irradiation, which induces oxidative degradation of e-ARGs, thereby 
blocking the spread of resistance. 

3.6. Predicted photodegradation rate constant of Tc-ARG in estuary area 

According to the research results, Tc-ARG can undergo direct pho
todegradation, and indirect photodegradation initiated by 3SRFA*, 1O2 
and HO• generated by SRFA. Indirect photodegradation is more effective 
compared with direct photodegradation. Therefore, based on the steady- 
state concentration of PPRIs and the second-order reaction rate con
stants of Tc-ARG with these PPRIs, the overall photodegradation rate 
constant (k) of Tc-ARG as a function of water depth (z) and time (t) in the 
Yellow River estuary was predicted using the model established by Zhou 
et al. (2018). The results are shown in Fig. 7. For Tc-ARG, the maximum 
value of k in fresh water, estuary water, and sea water was calculated to 
be 0.524, 0.937, and 0.336 h− 1, respectively. 

It can be seen in Fig. 7 that Tc-ARG was degraded fastest in estuarine 
water, as compared to fresh water and seawater. The photolysis half-life 
(t1/2) of Tc-ARG was calculated to be 1.439, 0.708 and 1.208 d in fresh 
water, estuarine water and seawater, respectively, using the k values at a 
water depth of 2 m. For the estuary region, when going from river water 
to seawater, it was reported in a previous study that the DOM concen
tration in seawater is lower than the DOM level in freshwater34. 
Therefore, in the estuary area, the photolysis half-life of Tc-ARG will 

Fig. 6. Generation pathways of 8-oxo-dG in reaction of G-C with HO• (“IM” denotes intermediate; “TS” denotes transition states, “P” denotes the products formed; the 
values given are the length of the bonds marked with the red dashed lines, and the unit is Å). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 7. Predicted photodegradation rate constants (k) of Tc-ARG in the fresh water, estuarine water and seawater at different water depths (z).  
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rapidly increase from river water to marine water, and its environmental 
persistence will gradually increase. 

4. Conclusion 

In this study, the photodegradation of cell-free Tc-ARG in water 
under sunlight irradiation was investigated. The results showed that Tc- 
ARG in the free state can be photochemically degraded under simulated 
sunlight irradiation, and its transformation could be inhibited due to the 
degradation of Tc-ARG. SRFA can promote the photodegradation of Tc- 
ARG due to the generated PPRIs, where the contribution rates of 
3SRFA*, 1O2 and HO• were 39.76%, 0.21%, and 0.01%, respectively. The 
photodegradation of Tc-ARG is attributed to the degradation of deoxy
nucleosides, in which the deoxyribose group and the four bases (G, C, A, 
T) could be degraded under simulated sunlight irradiation. All the four 
bases can be oxidized by HO• through addition and H-abstraction re
actions. The main oxidation product 8-oxo-dG was detected in the 
experiment and was proved to be generated through following path
ways: HO• addition reaction on the C2 site, dissolved oxygen initiated H- 
abstraction and followed by H2O catalyzed H transfer reaction. 

Based on the obtained photodegradation kinetic parameters, the 
photodegradation rate of Tc-ARG was predicted in the Yellow River 
estuary. The photolysis rates of Tc-ARG are very high and increased from 
river water to seawater, which will decrease its potential to spread in the 
natural waters. These results are indicative of the important role of 
sunlight irradiation in reducing the potential to spread of cell-free ARGs 
in the natural waters. Although ARGs could undergo fast photo
degradation in surface waters under sunlight irradiation, they cannot be 
completely eliminated as the ARGs can be generated along with the 
proliferation of antibiotic resistant bacteria. 
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