
Chemical Engineering Journal 480 (2024) 148042

Available online 11 December 2023
1385-8947/© 2023 Elsevier B.V. All rights reserved.

Effect of pH on antibiotic resistance genes removal and bacterial 
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and sulfite treatment 

Changwei Niu , Bing Wang , Zichao Wang *, Huaibin Zhang 
College of Environment Science, Liaoning University, No. 66 Chongshan Central Road, Shenyang, Liaoning Province 110036, China   

A R T I C L E  I N F O   

Keywords: 
Antibiotic resistance genes 
Bacterial nucleotides metabolism 
Ferrate 
Sulfite 
pH 

A B S T R A C T   

The variations of the antibiotic resistance genes removal and the bacterial nucleotide metabolism function in the 
wastewater by the combined ferrate and sulfite treatment at different pH levels were investigated. The total DNA 
as well as the genes sul2, sul3 and intI1 removal by the combined 10 mg/L ferrate and 28.5 mg/L sulfite treatment 
and the contributions of the sulfate radicals and the hydroxyl radicals produced by the reaction of ferrate with 
sulfite to the DNA removal decreased as the pH increase from 6.0 to 9.0. Bacterial nucleotide metabolism level 
changes affected the DNA removal, and the highest nucleotide degradation metabolism level and the lowest level 
of the nucleotide biosynthesis and salvage metabolism were found at pH 6.0. The reduction of the genes sul2, sul3 
and intI1 host level contributed to the genes sul2, sul3 and intI1 removal. This study provides novel insights into 
the antibiotic resistance genes removal by the combined ferrate and sulfite treatment at different pH levels.   

1. Introduction 

Antibiotic resistance genes (ARGs) are a kind of emerging environ-
mental pollutant that can persist in the environment for a long time, and 
are mainly derived from the response of bacteria to antibiotic pressure 
[1–3], and their long-term existence will severely threaten to public 
health [4]. World Health Organization has proclaimed that if effective 
action is not taken, more than 107 people will die from the infections of 
antibiotic resistant [5]. Wastewater treatment plants (WWTPs) receive 
antibiotics emissions from hospitals, residents and agriculture, and the 
presence of antibiotics in WWTPs can induce bacteria to produce ARGs 
[6]. This has led to WWTPs becoming a stockroom of ARGs, indicating 
that WWTPs will become an important shield to discourage the ARGs 
release into the aquatic environment [7]. Nevertheless, traditional 
WWTPs could not remove ARGs effectively [6]. Therefore, it is urgent to 
explore the method on the ARGs removal to avoid the excessive ARGs 
emissions from WWTPs into the aquatic environment. 

The treatment system of combined ferrate (Fe6+) and sulfite (SO3
2-) as 

a novel advanced oxidation process (AOP) has been widely used to 
remove some persistent emerging pollutants, as it is more 
environmental-friendliness, lower cost, and more stable production of 
free radicals than other AOPs (e.g., ozone/peroxide and ozone/ 

ultraviolet) [8,9]. The Fe6+ activation with SO3
2- can rapidly undergo a 

single electron transfer reaction to generate pentavalent iron (Fe5+) and 
sulfite radical (SO3

•-) (Eq. (1)), and the generated Fe5+ and SO3
•- experi-

ence a series of chain reactions to further generate peroxymonosulfate 
radicals (SO5

•-) and sulfate radicals (SO4
•-), hydroxyl radicals (HO•) and 

hydrogen peroxide solution (H2O2) (Eqs. (2)–(5)) [10–12]. Subse-
quently, H2O2 can reduce Fe6+ to tetravalent iron (Fe4+) (Eq. (6)). 
Among the above active oxides, the oxidation activities of SO5

•- and SO3
•- 

are relatively low, and the reaction rate of Fe6+ with H2O2 is much lower 
than that of Fe6+ with SO3

2-, resulting in the negligible production of 
Fe4+ [13,14]. In addition, the changes in the SO3

2-/Fe6+ molar ratio can 
also affect the generation of active oxidizing species in the combined 
Fe6+/SO3

2- system. Shao et al. [15] found that when the molar ratio of 
SO3

2-/Fe6+ was in the range of 1.5 to 10.0, the production of Fe5+ could 
be negligible due to the promotion of Fe5+ to SO4

•-/HO• transfer by a 
large amount of SO3

2-. The results suggest that Fe6+, SO4
•- and HO• are 

always the main active oxidizing substances in the system of combined 
Fe6+ and SO3

2-. It is worth noting that the alkalinity condition was 
conducive to the conversion of SO4

•- to HO• according to Eq. (4), while at 
acid conditions, the conversion of SO4

•- to HO• would be slowed (Eq. (7)) 
[7]. In addition, many studies found that SO4

•- was a more selective 
oxidant than HO• [16,17], which would lead to the difference in the 
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removal of tested pollutants in the treatment system of combined Fe6+

and SO3
2- at different pH levels. Notably, the effect of pH on the ARGs 

removal in the wastewater by the combined Fe6+ and SO3
2- treatment has 

been not evaluated.  

Fe6+ + SO3
2- → Fe5+ + SO3

•-                                                             (1)  

SO3
•- + O2 → SO5

•-                                                                           (2)  

SO5
•- + SO3

2- → SO4
•- + SO4

2-                                                             (3)  

SO4
•- + OH– → SO4

2- + HO• (4)  

Fe5+ + H2O → Fe3++ H2O2                                                             (5)  

Fe6+ + H2O2 → Fe4+ + O2                                                              (6)  

SO4
•- + H2O → SO4

2- + HO• + H+ (7)  

Fe6+ + H2O → Fe3+ + O2 ↑                                                             (8)  

Fe3+ + OH– → Fe(OH)3                                                                   (9) 

Bacterial nucleotide metabolism actively participates in the forma-
tion of ARGs [18], and many studies have reported that the changes in 
the levels of the bacterial nucleotide metabolism could affect the ARGs 
formation, abundance, and transfer, etc. [19–21]. Zhong et al. [19] 
investigated the relationship of the ARGs removal with the bacterial 
nucleotide metabolism during the biogas residues composting, and the 
results showed that the addition of the bioaugmentation in the com-
posting process caused the increase in the average bacterial nucleotide 
metabolism level and the decrease of the ARGs abundance compared to 
the composting process without bioaugmentation. Huang et al. [20] 
explored the endogenous and exogenous regulations of anammox con-
sortia in responding to lincomycin, and found that bacteria maintained 
the formation and transmission of ARGs by regulating the nucleotide 
metabolism. Wu et al. [21] estimated the regulating resistome and 
metabolome of anammox consortia at the non-antibiotic drug stress, and 
found that the bacterial metabolism was one of the key driving factors 
for the ARGs transfer in the anammox systems. Currently, the informa-
tion on the effects of the bacterial nucleotide metabolism on ARGs 
mainly focuses on some biological treatment systems. However, few 
works have been carried out to evaluate the relationship of the ARGs 
removal in the wastewater treated by combined Fe6+ and SO3

2- at 
different pH levels with the bacterial nucleotide metabolism changes. 

This study took the genes sul2, sul3 and intI1 which were common 
genes in some WWTPs [22,23] as the target genes, and mainly aimed to 
assess the effect of the pH change in the wastewater treatment system of 
combined Fe6+ and SO3

2- on (a) the removal of the total DNA and the 
genes sul2, sul3 and intI1, (b) the key contributors to the DNA removal, 
(c) the levels of the bacterial oxidative stress, and (d) the relationship of 
the ARGs removal with the bacterial nucleotide metabolism function. 

2. Materials and methods 

2.1. Wastewater and experiments setup 

Three 1 L conical flasks were used to carry out the experiments of 
DNA removal in the wastewater by the combined Fe6+ and SO3

2- treat-
ment, and the three flasks were named N1, N2 and N3, respectively. In 
order to make the raw wastewater (named N0) in N1, N2 and N3 have 
the same characteristics, the raw wastewater was concurrently taken 
from the same effluent in one sequencing batch reactor (SBR) managed 
for longer than 30 days at 15 mg/L sulfamethoxazole in our laboratory. 
The raw wastewater contained 97.17 mg/L chemical oxygen demand, 
5.97 mg/L ammonia nitrogen, 0.97 mg/L nitrate nitrogen, 0.28 mg/L 
nitrite nitrogen and 18 mg/L sludge (estimated by mixed liquor sus-
pended sludge (MLSS)), and the levels of dissolved oxygen and pH in the 
raw wastewater were 2.2 mg/L and 6.7, respectively. The SBR was 

operated three cycles in one day, and one cycle included 3 min influent, 
330 min aerobic step, 90 min anoxic step, 54 min deposition and 3 min 
drainage effluent. The initial sludge in the SBR was obtained from a 
municipal wastewater treatment plant aerobic tank (Shenyang City, 
China), and the MLSS value of the initial sludge in the SBR was about 
2000 mg/L. The volume of raw wastewater in N1, N2 and N3 was all 0.5 
L. Acetic acid/sodium acetate buffer (0.2 mol/L) was used to regulate 
the initial pH of the raw wastewater in N1 to 6.0, and borax buffer (0.05 
mol/L) was used to regulate the initial pH of the raw wastewater in N2 
and N3 to 7.0 and 9.0, respectively. Subsequently, 5 mg Fe6+ and 14.25 
mg SO3

2- were immediately added into every conical flask (N1, N2 and 
N3) to assess the DNA removal by the combined 10 mg/L Fe6+ and 28.5 
mg/L SO3

2- at different pH levels. After the addition of coupled Fe6+ and 
SO3

2- in the raw wastewater, the three conical flasks (N1, N2 and N3) at 
room temperature were instantly stirred at 600 revolutions per minute 
(rpm) for 2 min and then beat up at 100 rpm for 20 min and finally 
settled for 30 min. 

2.2. Determining methods 

The wastewater samples before and after the mixed Fe6+/SO3
2- 

treatment were obtained to measure the levels of total DNA, sul2, sul3, 
intI1, catalase (CAT), superoxide dismutase (SOD), reactive oxygen 
species (ROS) and lactate dehydrogenase (LDH) in the wastewater, to 
analyze the key contributors to the DNA removal, and to evaluate the 
changes in the microbial community. The extraction and determination 
of DNA in the wastewater was carried out via Bacterial Genomic DNA 
Extraction Kit (Phygene Biotechnology Company, China) according to 
Zhao et al. [24], and the DNA concentration was evaluated by spectro-
photometry according to Ni et al. [25]. DNA purity was determined by 
calculating the ratio of absorbance at 260 nm and 280 nm (A260/A280) 
[26], and the DNA purity in the study was 1.83. The levels of ROS, LDH, 
CAT and SOD in the wastewater were measured via ROS kit (Beyotime 
Biotechnology Company, China), LDH kit (Beijing Solarbio Science and 
Technology Company, China), CAT kit (Beijing Solarbio Science and 
Technology Company, China) and SOD kit (Beijing Labgic Technology 
Company, China), respectively. The contributions of SO4

•- and HO• to the 
DNA removal were investigated by the scavengers of tert-butyl alcohol 
(TBA) and ethanol (EtOH) in accordance with Zhang et al. [27]. The 
wastewater samples used for the determination of the microbial com-
munity changes and the levels of genes sul2, sul3 and intI1 were inter-
cepted by 0.22 μm membranes, and then these filters were preserved at 
− 80 ℃ for their analyses [25]. The microbial community variations as 
well as the levels of genes sul2, sul3 and intI1 in the wastewater were 
evaluated by high-throughput sequencing and by quantitative poly-
merase chain reaction, respectively, in Personalbio Company (Shanghai, 
China). The primers for genes sul2, sul3 and intI1 are shown in table S1. 
The network analysis was carried out by the software of Gephi 9.0 ac-
cording to Wang et al. [28]. Potential pathways and functions of 
nucleotide metabolism were predicted by the software of PICRUSt2 
based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) data-
base (https://www.kegg.jp). 

3. Results and discussion 

3.1. Effect of pH on the total DNA removal 

Fig. 1a displays the changes in the total DNA concentration in the 
wastewater treated by jointly Fe6+ and SO3

2- at different pH values. The 
total DNA concentration in the N0 (raw wastewater), N1 (treated 
wastewater at pH 6.0), N2 (treated wastewater at pH 7.0) and N3 
(treated wastewater at pH 9.0) were 71, 8.5, 13.5 and 19 ng/μL, 
respectively. The total DNA removal efficiencies at pH 6.0, 7.0 and 9.0 
were 87.84 %, 81.08 % and 72.97 %, respectively (Fig. 1b), suggesting 
that acid condition was more conducive to the total DNA removal by the 
joint treatment of Fe6+ and SO3

2-. Alkalinity condition was conducive to 
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the conversion of SO4
•- to HO• according to Eq. (4) [12], while at acid 

condition, the SO4
•- to HO• conversion would be slowed (Eq. (7)). Pre-

vious studies found that the redox potentials of SO4
•- and HO• at alka-

linity condition were 2.5 V and 1.9 V, respectively, and they at acid 
condition were 3.1 V and 2.8 V, respectively [29]. Generally, the higher 
redox potential of free radicals suggests greater oxidizability for pol-
lutants [30], and it has been confirmed that SO4

•- has a stronger ability to 
oxidize DNA than HO• [31]. These findings suggested that the promo-
tion of SO4

•- to HO• conversion at the alkalinity condition could 
adversely affect the total DNA removal, while the slowed conversion of 
SO4

•- to HO• at acid condition would positively affect the total DNA 
removal. This explained why the total DNA removal in the wastewater 
treated jointly by Fe6+ and SO3

2- at pH 9.0 was the lowest among the 
three pH levels, while the highest removal of total DNA was found at pH 
6.0. The result was similar to the previous studies in which the kobs of the 
iopamidol degradation by SO4

•- and HO• was the highest at pH 6.0 in the 
pH range from 6.0 to 9.0 [32]. The contributors of SO4

•- and HO• to the 
total DNA removal in the wastewater were assessed through quenching 
experiments, and the results are shown in Fig. 1c. At pH 6.0, 7.0 and 9.0, 
the relative contribution rates of SO4

•- to the total DNA removal were 
50.86 %, 43.41 % and 29.79 %, respectively, and those for HO• were 
30.51 %, 28.30 % and 27.65 %, respectively. The contribution ratios of 
SO4

•- to HO• at pH 6.0, 7.0 and 9.0 were 1.67, 1.53 and 1.08, respec-
tively, which also confirmed the promotion of SO4

•- to HO• conversion by 
the alkalinity condition and the slowed conversion of SO4

•- to HO• at acid 
condition. 

It is worth noting that Fe6+ could also clear DNA through oxidizing 
guanine and thymine bases [25], and Fe6+ has a stronger oxidant 

activity in acidic media [33]. The changes also resulted in the promotion 
of total DNA removal in an acid environment compared to neutral and 
alkaline conditions. Suyamud et al. [34] found similar results that Fe6+

caused more significant reductions of antibiotic resistant bacteria at pH 
6.0 than those at pH 7.5. Additionally, at alkalinity conditions, Fe6+

could be converted to Fe(OH)3 (Eqs. (8) and (9)), which would reduce 
the performance of total DNA removal by SO4

•-, HO• and Fe6+. The 
changes might also be one of the reasons that the total DNA removal at 
pH 6.0 was the highest among the pH 6.0, 7.0 and 9.0. Although Fe6+, 
SO4

•- and HO• are the primary active oxidizing species in the system of 
combined Fe6+ and SO3

2- with an SO3
2-/Fe6+ molar ratio of 2.0 [15], there 

is little information on the quenching experiments of Fe6+ in the com-
bined Fe6+/SO3

2- system in the previous studies. As a result, the contri-
butions of SO4

•-, HO• and other factors to the total DNA removal were 
mainly analyzed. Interestingly, the relative contribution rates of HO• to 
the total DNA removal theoretically seemed to be decreased with the 
reduction of pH level according to the above conversion of SO4

•- to HO•

at different pH, while the relative contribution rates of HO• to the total 
DNA removal were actually increased as the decline of pH value. The 
changes in the relative contribution rates of HO• to the total DNA 
removal suggested that the contribution of other factors (such as the 
oxidation of Fe6+ as well as the adsorption of Fe(OH)3) to total DNA 
removal as the decrease of pH value reduced more significantly than 
HO•, resulting in the “false increase” in the relative contribution rates of 
HO• to the removal of total DNA as the decreased pH value. The con-
tributions of other factors at pH 6.0, 7.0 and 9.0 were 18.63 %, 28.29 % 
and 42.56 %, respectively. The increasing contributions of other factors 
to the total DNA removal as the incremental pH level were related to the 

Fig. 1. Effect of pH on the total DNA concentration (a) and removal (b) in the wastewater treated jointly by Fe6+ and SO3
2-. (c) Relative contributions of free radicals 

in the system of coupled Fe6+/SO3
2- to the total DNA removal from the wastewater at different pH levels. N0 was the raw wastewater, and the pH value of N0 was 6.7 

(unadjusted). N1, N2 and N3 were the treated wastewater at different pH levels, and the pH values of N1, N2 and N3 were 6.0, 7.0 and 9.0, respectively. 
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easier formation of Fe(OH)3 at the alkalinity condition, suggesting the 
role of Fe(OH)3-adsorption DNA was enhanced as the increasing pH 
level in the treatment of combined Fe6+ and SO3

2-. Li et al. [35] found 
similar results in which the DNA removal was efficiently achieved by the 
coagulation of ferric chloride. At pH 6.0 and 7.0, SO4

•- contributed the 
highest DNA removal rate, while other factors had the relatively highest 
contribution to DNA removal at pH 9.0. The results confirmed that the 
effect of pH on the total DNA removal treated jointly by Fe6+ and SO3

2- 

was achieved by affecting the production of free radicals. 

3.2. Effect of pH on the removals of antibiotics resistance genes and 
mobile genetic element genes 

Fig. 2 displays the effect of pH on the removals of genes sul2, sul3 and 
intI1 in the wastewater treated jointly by Fe6+ and SO3

2-. The sul2 and 
sul3 genes belong to ARGs, and the intI1 gene belongs to mobile genetic 
element genes. The gene copy numbers of sul2, sul3 and intI1 in the raw 
wastewater (N0) from N1, N2 and N3 were 75507, 189,561 and 562,394 
copies/mL, respectively (Fig. 2a). At pH 7.0, the removal efficiencies of 
genes sul2, sul3 and intI1 were 55.58 %, 87.27 % and 80.46 %, respec-
tively, and they at pH 9.0 were 50.69 %, 73.08 % and 77.69 %, 
respectively (Fig. 2b). The removal rate of genes sul2, sul3 and intI1 at pH 
7.0 were higher than those at pH 9.0. The second-order rate constant of 

HO• with purines and pyrimidines in DNA was lower than SO4
•- [36], 

suggesting that SO4
•- had higher abilities of breach to DNA than HO•. At 

alkalinity conditions, the SO4
•- to HO• conversion could be promoted 

(Eq. (4)), resulting in the removal rates of genes sul2, sul3 and intI1 at pH 
7.0 were higher than at pH 9.0. At pH 6.0, the removal rate of genes sul2, 
sul3 and intI1 were 81.40 %, 92.67 % and 87.78 %, respectively, and 
they were the highest at the three treatment processes. The changes 
could be explained by the slow-moving conversion of SO4

•- to HO• at the 
acid condition (Eq. (7)) resulting in more contents of SO4

•- in the treat-
ment process at pH 6.0 than at pH 7.0 and 9.0. The gene sul3 removal at 
pH 6.0 and 7.0 was the highest among the genes of sul2, sul3 and intI1, 
while the highest removal rate of tested genes at pH 9.0 was gene intI1. 
Previous studies [36,37] found that ARGs in the wastewater could be 
directly inactivated via indirect damage of the DNA structure, and the 
reaction rate constant of pyrimidine with SO4

•- or HO• at some pathways 
(such as radical adduct formation, single electron transfer reactions or H 
atom abstraction) was higher than purine, meanwhile the reaction rate 
constant could be affected by the change in the structure of purine and 
pyrimidine. The results suggested that the difference in the genes sul2, 
sul3 and intI1 removals might be interrelated to the composition of pu-
rine and pyrimidine in their DNA fragments. Previous studies [38,39] 
found that gene sul3 had more pyrimidines than gene sul2, and pyrim-
idines were destroyed by SO4

•- and HO• more easily than purines. The 
results could explain why the removal rate of the gene sul3 was higher 
than the gene sul2. The composition of purine and pyrimidine in the 
gene intI1 has not been reported in the literature, and it needs to be 
further studied to better understand the effect of pH on the removals of 
DNA treated by the combined Fe6+ and SO3

2-. 

3.3. Effect of pH on the bacterial oxidative stress 

Fig. 3 displays the effect of pH on the bacterial oxidative stress 
changes in the wastewater by the joint treatment of Fe6+ and SO3

2-. 
Compared to the raw wastewater (N0), the relative CAT level in the 
treated wastewater at pH 6.0 (N1), 7.0 (N2) and 9.0 (N3) decreased to 
74.94 %, 78.59 % and 85.66 %, respectively, and the relative SOD 
content decreased to 83.67 %, 91.67 % and 94.34 %, respectively. CAT 
and SOD were antioxidant enzymes produced by bacteria, and they 
catalyzed the decomposition of strong oxidative matters [40,41]. When 
the cells were healthy, there would be a balanced relationship of 
oxidizing substances (such as ROS) with CAT and SOD [42]. If the 
balanced relationship was disrupted, the bacterial oxidative stress 

Fig. 2. Effect of pH on the removals of genes sul2, sul3 and intl1 in the 
wastewater treated jointly by Fe6+ and SO3

2-. (a) was genes contents. (b) was 
genes removal changes. N0 was the raw wastewater, and the pH value of N0 
was 6.7 (unadjusted). N1, N2 and N3 were the treated wastewater at different 
pH levels, and the pH values of N1, N2 and N3 were 6.0, 7.0 and 9.0, 
respectively. 

Fig. 3. Effect of pH on the bacterial oxidative stress changes in the wastewater 
by the joint treatment of Fe6+ and SO3

2-. N0 was the raw wastewater, and the pH 
value of N0 was 6.7 (unadjusted). N1, N2 and N3 were the treated wastewater 
at different pH levels, and the pH values of N1, N2 and N3 were 6.0, 7.0 and 
9.0, respectively. 
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would be triggered [43]. The decreased degree of CAT and SOD relative 
levels in the treated wastewater at pH 6.0 was the highest among pH 6.0, 
7.0 and 9.0. The changes were related to the less conversion of SO4

•- 

(with a relatively high DNA removal ability) to HO• (with a relatively 
low DNA destruction ability) at acidic conditions compared to neutral 
and alkaline conditions (Eq. (7)). The decrease of CAT and SOD levels 
would cause bacterial oxidative stress changes, resulting in the excessive 
produce of ROS in cells [44]. The changes would increase the ROS levels 
in the wastewater. Compared to the raw wastewater, the relative ROS 
levels in the treated wastewater at pH 6.0, 7.0 and 9.0 were 164.27 %, 
153.35 % and 148.91 %, respectively. The changes in the ROS levels at 
different pH values could be explained by the decrease of CAT and SOD 
levels as the reduction of pH value. The variations in the relative levels 
of CAT, SOD and ROS in the treated wastewater suggested that the joint 
treatment of Fe6+ and SO3

2- at different pH levels disrupted the balance of 
bacterial oxidative stress, and the disruption at pH 6.0 was more sig-
nificant. High ROS levels would increase the cell membrane perme-
ability, and the high cell membrane permeability resulted in increasing 
LDH levels [45]. Compared to the raw wastewater, the relative LDH 
levels in the treated wastewater at pH 6.0, 7.0 and 9.0 were 148.56 %, 
131.09 % and 113.61 %, respectively. The results suggested that the 
joint treatment of Fe6+ and SO3

2- at different pH levels could increase the 
cell membrane permeability due to the bacterial oxidative stress 
imbalance, and the cell membrane permeability increased more obvi-
ously at pH 6.0. 

3.4. Effect of pH on the nucleotide metabolic pathways in bacteria 

As the DNA fragments in the wastewater were mainly derived from 
bacteria, the bacterial metabolic function changes would alter the DNA 
levels in the wastewater [46,47]. To understand the effects of bacterial 
metabolic function on the DNA levels in the wastewater by the combined 
Fe6+ and SO3

2- treatment at different pH values, the levels in the meta-
bolic pathways of bacteria and in the enzymes involved into these 
metabolic pathways were analyzed based on the KEGG database. 397 
PICRUSt2 predicted metabolic pathways and 2000 enzymes were found 
in different samples, and the number of pathways and enzymes involved 
in the nucleotide metabolism were 36 and 44, respectively (Fig. 4). The 
numbers of metabolic pathways associated with the biosynthesis, 
degradation and salvage of nucleotide were 23, 8 and 5, respectively, 
and the numbers of enzymes involved into the nucleotide metabolic 
pathways were 29, 9 and 6, respectively. In the raw wastewater, the 
total relative abundance of metabolic pathways associated with the 
biosynthesis, degradation and salvage of nucleotide was 18.10 %, and 
the sum of the relative abundance of enzymes involved into nucleotide 
metabolism was 5.15 % (Fig. S1). They in the raw wastewater were 
lower than those in the treated wastewater, suggesting the raising DNA 
metabolism levels (especially increasing biosynthesis and salvage of 
nucleotide) were the protective response of bacteria to the DNA 
damaged by the combined Fe6+ and SO3

2- at different pH levels. In 
addition, the results also suggested that the bacterial metabolism func-
tion changes could affect the DNA levels in the wastewater [46,47]. In 
comparison with the raw wastewater, the relative level of nucleotide 
biosynthesis pathways and enzymes involved into these metabolic 
pathways in the treated wastewater at different pH values were always 
higher, which could be interrelated to the response of bacteria to the 
DNA breakdown in the combined Fe6+ and SO3

2- treatment system. When 
DNA was damaged or even cleared, bacteria produced DNA based on a 
bacterial self-protection mechanism [48]. This might cause more active 
nucleotide biosynthesis metabolism. In the treated wastewater at 
different pH levels, the most relative abundance of nucleotide biosyn-
thesis pathways (14.24 %) and the highest relative levels of corre-
sponding enzymes (4.68 %) were both found at pH 6.0, which was 
consistent with more DNA being broken down in the wastewater treated 
by the combined Fe6+ and SO3

2- at pH 6.0. The relative abundance of 
nucleotide salvage pathways and enzymes involved into these metabolic 

pathways in the raw wastewater were always lower than those in the 
treated wastewater at pH 6.0, while not always lower than those in the 
treated wastewater at pH 7.0 and 9.0. The changes were similar to the 
DNA removal by the combined Fe6+ and SO3

2- treatment at different pH 
levels, suggesting that the DNA removal at pH 6.0 would cause more 
nucleotide fragments. The relative abundance of the nucleotide degra-
dation pathways and the levels of the enzymes involved into these 
metabolic pathways in the treated wastewater at different pH levels 
were always lower than the raw wastewater, and those at pH 6.0 were 
the lowest. The changes might be related to the bacterial self-protection 
mechanism that allowed bacteria to reduce their own degradation of 
nucleotides to maintain the balance of DNA levels. The changes in the 
levels of pathways and enzymes involved in the bacterial nucleotide 
metabolism confirmed that the pH changes in the combined Fe6+ and 
SO3

2- treatment system had significant effects on the bacterial function on 
nucleotide metabolism, and the changes in the bacterial nucleotide 
metabolism function could affect the levels of DNA in the wastewater. 

3.5. Effect of pH on the relationship of antibiotics resistance genes and 
mobile genetic element genes with bacterial nucleotide metabolism function 

To understand further the effect of bacterial nucleotide metabolism 
function on the levels of DNA in the wastewater by the combined Fe6+

and SO3
2- treatment at different pH levels, the potential genes sul2, sul3 

and intI1 hosts (genus level) were analyzed via a network analysis on the 
basis of the correlation of Pearson (|r|>0.8) (Fig. 5a). There were 196 
genera in the raw and treated wastewater at the different pH values, of 
which 25 genera accounted for about 90 % of total abundance in every 
sample (Fig. 5b). In the 25 genera, 7 genera were positive relations with 
genes sul2, sul3 and intI1, implying that these genera were the potential 
hosts of genes sul2, sul3 and intI1 [28]. The relative abundance of po-
tential genes sul2, sul3 and intI1 hosts in the treated wastewater at pH 
6.0, 7.0 and 9.0 were always lower than those in the raw wastewater, 
which might cause the decrease in the levels of genes sul2, sul3 and intI1 
after the treatment. The cluster analysis of bacterial communities from 
the raw and treated wastewater showed that the bacterial community in 
the raw wastewater was similar to that in the treated wastewater at pH 
9.0, and the microbial community in the treated wastewater at pH 7.0 
and 6.0 had similarities. The results suggested that the combined Fe6+

and SO3
2- treatment had more significant effects on the bacterial com-

munity at pH 9.0 than those at pH 6.0 and 7.0, which might be one of the 
reasons that the DNA removal at pH 9.0 was lower than at pH 6.0 and 
7.0. 

The relationship of genes sul2, sul3 and intI1 with enzymes involved 
into the bacterial nucleotide metabolism pathways was analyzed via a 
network analysis on the basis of the Pearson correlation (|r|>0.8) 
(Fig. 6a). The positive relation of genes sul2, sul3 and intI1 with enzymes 
involved into the metabolic pathways of nucleotide suggested that the 
inhibition of these enzymes metabolism might be one of the ways for the 
genes sul2, sul3 and intI1 removal, while the negative relations suggested 
a bacterial repair response to the genes sul2, sul3 and intI1 breach. 
Dihydroorotate dehydrogenase (quinone) (EC: 1.3.5.2) and guanine 
deaminase (EC: 3.5.4.3) were the enzymes involved into the pathways of 
pyrimidine biosynthesis and purine salvage, respectively, and these 
enzymes levels were positively related to the changes of genes sul2, sul3 
and intI1 levels at different pH values. The results suggested that the 
inhibition of the dihydroorotate dehydrogenase (quinone) of pyrimidine 
biosynthesis and the guanine deaminase of purine salvage by the com-
bined treatment of Fe6+ and SO3

2- at different pH levels might be one of 
the ways for the removal of genes sul2, sul3 and intI1. The relative levels 
of dihydroorotate dehydrogenase (quinone) were always higher than 
guanine deaminase at different pH levels (Fig. 4b), suggesting that the 
pyrimidine biosynthesis was damaged by the combined treatment of 
Fe6+ and SO3

2- more easily than purine salvage. In the raw wastewater, 
the sum of pyrimidine biosynthesis and salvage enzymes (the negative 
relationship with the changes of genes sul2, sul3 and intI1) relative levels 
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Fig. 4. Changes in the pathways (a) and enzymes (b) involved in the nucleotides metabolism of bacteria in the wastewater treated jointly by Fe6+ and SO3
2- at 

different pH levels. N0 was the raw wastewater, and the pH value of N0 was 6.7 (unadjusted). N1, N2 and N3 were the treated wastewater at different pH levels, and 
the pH values of N1, N2 and N3 were 6.0, 7.0 and 9.0, respectively. 
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and the total relative levels of purine biosynthesis and salvage enzymes 
negatively correlated with genes sul2, sul3 and intI1 were 2.087 % and 
1.788 %, respectively (Table 1). In these metabolic enzymes of nucleo-
tide negatively correlated with genes sul2, sul3 and intI1, the relative 
levels sum of pyrimidine biosynthesis and salvage enzymes in the 
treated wastewater at pH 6.0, 7.0 and 9.0 were 2.365 %, 2.218 % and 
2.204 %, respectively, and the total relative levels of purine biosynthesis 
and salvage enzymes were 1.991 %, 1.894 % and 1.878 %, respectively 
(Table 1). The relative levels of above these enzymes (the negative 
correlation with the changes of genes sul2, sul3 and intI1) in the treated 
wastewater were higher compared to the raw wastewater, suggesting 
that the bacterial response to the destruction of genes sul2, sul3 and intI1 
by the combined treatment of Fe6+ and SO3

2- was the activation of these 
enzymes. Among pH 6.0, 7.0 and 9.0, the relative levels of biosynthesis 
and salvage enzymes of pyrimidine and purine in the treated wastewater 
at pH 7.0 were higher than at pH 9.0, while were lower than those at pH 
6.0. The results suggested that there might be more levels of genes sul2, 
sul3 and intI1 damaged by the combined treatment of Fe6+ and SO3

2- at 
acid conditions, which were coincident with the changes in the removal 
of genes sul2, sul3 and intI1 by the combined treatment of Fe6+ and SO3

2- 

at different pH levels. After the combined treatment of Fe6+ and SO3
2-, 

the increasing degree in the total levels of pyrimidine biosynthesis en-
zymes (the negative correlation with the changes of genes sul2, sul3 and 
intI1) involved in the bacterial response to the destruction of genes sul2, 
sul3 and intI1 at pH 6.0, 7.0 and 9.0 were 13.729 %, 6.385 % and 6.048 
%, respectively, and the increased degree about pyrimidine salvage 
increased by 10.936 %, 5.812 % and 3.157 %, respectively (Table 2). 
The increasing levels of pyrimidine biosynthesis enzymes at different pH 
values were higher than the pyrimidine salvage enzymes. However, the 
purine change was the opposite result in which the increasing levels of 
purine biosynthesis enzymes at different pH values were lower than the 
purine salvage enzymes. This change could be caused by the greater 
availability of purine fragments in the wastewater than pyrimidines, 
suggesting that there might be more thorough damage of the pyrimi-
dines bases by the combined treatment of Fe6+ and SO3

2- compared to the 

purine bases. Gmurek et al. [39] found similar results in which the bases 
of pyrimidines had a faster reaction with free radicals than purine. 

After the treatment of combined Fe6+ and SO3
2-, the decreasing de-

gree in the total levels of pyrimidine metabolic enzymes (the positive 
relationship with the changes of genes sul2, sul3 and intI1) at pH 6.0, 7.0 
and 9.0 were 22.761 %, 13.537 % and 11.309 %, respectively, and the 
reducing levels of purine metabolic enzymes were 20.897 %, 30.592 % 
and 23.803 %, respectively (Table 2). The decreasing degree of pyrim-
idine biosynthesis metabolic enzymes at pH 6.0 was higher than purine, 
while the opposite changes were found at pH 7.0 and 9.0. The changes 
suggested that SO4

•- might be more likely to destroy pyrimidines than 
HO•, since the conversion of SO4

•- to HO• was more under acid while less 
in alkalinity. Zhang et al. [38] found that gene sul3 had more pyrimi-
dines than gene sul2. This might be one of the reasons that the removal 
efficiency of gene sul2 was lower than gene sul3 at different pH levels. 
The relationship between the potential genes sul2, sul3 and intI1 hosts 
and enzymes involved into the bacterial nucleotide metabolism path-
ways was analyzed via a network analysis on the basis of the correlation 
of Pearson (|r|>0.8) (Fig. 7b). Potential genes sul2, sul3 and intI1 hosts 
were found to be inversely associated with all nucleotide metabolic 
enzymes (the negative correlation with the changes of genes sul2, sul3 
and intI1), which could confirm that these enzymes changes were the 
bacterial repair response to the nucleotide breach. Fu et al. [49] found 
similar results that a high level of glutamine synthetase (GS) could 
promote nucleotide synthesis and DNA repair, and the changes in the GS 
level were negatively correlated with cancer treatment outcomes. 

3.6. Hypothetic mechanisms 

Fig. 7 shows the hypothetic mechanisms of the ARGs removal in the 
wastewater by the combined Fe6+ and SO3

2- treatment. The activation of 
the pyrimidine biosynthesis and salvage enzymes and the purine 
biosynthesis and salvage enzymes in the wastewater by the treatment of 
combined Fe6+ and SO3

2- was found at pH 6.0, 7.0 and 9.0 (Fig. 4b), and 
this activation was more significant at pH 6.0 compared to that at pH 7.0 

Fig. 5. The potential genes sul2, sul3 and intl1 hosts based on the network analysis (a) and the changes in the bacterial community (b) at the genus level in the 
wastewater treated by combined Fe6+ and SO3

2-. The edge thickness in the network analysis was proportional to Pearson’s correlation coefficients. N0 was the raw 
wastewater, and the pH value of N0 was 6.7 (unadjusted). N1, N2 and N3 were the treated wastewater at different pH levels, and the pH values of N1, N2 and N3 
were 6.0, 7.0 and 9.0, respectively. 
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and 9.0. In consideration of the DNA removal performance in the 
wastewater at different pH values (Fig. 1b), it could be inferred that the 
activation of these enzymes mentioned above is the bacterial response to 

the destruction of DNA, and the response of bacteria could be enhanced 
at the acidic condition. In addition, the DNA removal treated by the 
combined Fe6+ and SO3

2- was achieved by disrupting the pyrimidines and 

Fig. 6. Network analysis on the relationship of enzymes involved into the bacterial nucleotides metabolism pathways with the genes sul2, sul3 and intl1 (a), and with 
the potential genes sul2, sul3 and intl1 hosts (b) in the wastewater treated by combined Fe6+ and SO3

2-. The edge thickness was proportional to Pearson’s correlation 
coefficients. The red edges and the blue edges represented positive and negative relations between two nodes, respectively. * was the enzymes with negative relations 
with genes sul2, sul3 and intl1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
The relative levels of nucleotides metabolic enzymes with negative and positive relation with genes sul2, sul3 and intI1.  

Relation Sample Pyrimidine metabolic enzymes relative levels (%) Purine metabolic enzymes relative levels (%) 
Biosynthesis Salvage Degradation Sum Biosynthesis Salvage Degradation Sum 

Negative N0  1.787 0.300 /  2.087 1.650  0.138 /  1.788 
N1  2.032 0.333 /  2.365 1.837  0.154 /  1.991 
N2  1.901 0.318 /  2.218 1.748  0.146 /  1.894 
N3  1.895 0.310 /  2.204 1.732  0.146 /  1.878 

Positive N0  0.075 / /  0.075 /  0.034 /  0.034 
N1  0.058 / /  0.058 /  0.027 /  0.027 
N2  0.065 / /  0.065 /  0.024 /  0.024 
N3  0.066 / /  0.066 /  0.026 /  0.026 

/: no found. 
N0 was the raw wastewater, and the pH value of N0 was 6.7 (unadjusted). N1, N2 and N3 were the treated wastewater at different pH levels, and the pH values of N1, 
N2 and N3 were 6.0, 7.0 and 9.0, respectively. 
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purines of DNA by SO4
•- and HO• (produced by the reaction of Fe6+ with 

SO3
2-). Pyrimidines were damaged by SO4

•- and HO• more easily than 
purines, and SO4

•- had better abilities to destroy purines and pyrimidines 
compared to HO•. The promotion of SO4

•- to HO• conversion by the 
alkalinity condition (Eq. (4)) and the slowed conversion from SO4

•- to 
HO• at the acid condition (Eq. (7)) resulted in higher removal rates of 
total DNA at pH 6.0 compared to those at pH 9.0. The contributors of 
SO4

•- to the total DNA removal were higher than HO•, and the contri-
butions of other factors to the total DNA removal increased with the 
increase of pH value from 6.0 to 9.0 (Fig. 1c). 

4. Conclusions 

In the wastewater treatment system of coupled Fe6+/SO3
2-, the 

decreasing pH level enhanced the DNA removal, the contributions of 
SO4

•- and HO• to DNA removal, the permeability of cells, the metabolism 
levels of nucleotide biosynthesis and salvage in bacteria, and microbial 
community changes. SO4

•- were more likely to cause the changes in the 
pyrimidine biosynthesis metabolism of nucleotide than HO•. The 
reduction in the level of genes sul2, sul3 and intI1 host contributed to the 

removal of genes sul2, sul3 and intI1. 
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Table 2 
The relative levels of nucleotides metabolic enzymes with negative and positive relation with genes sul2, sul3 and intI1.  

Relation Sample Change rate of pyrimidine metabolic enzymes relative levels (%) Change rate of purine metabolic enzymes relative levels (%) 
Biosynthesis Salvage Degradation Sum Biosynthesis Salvage Degradation Sum 

Negative N1  13.729 10.936 /  13.327 11.290  11.915 /  11.338 
N2  6.385 5.812 /  6.302 5.894  6.359 /  5.930 
N3  6.048 3.157 /  5.633 4.959  5.810 /  5.025 

Positive N1  –22.761 / /  –22.761 /  − 20.897 /  − 20.897 
N2  − 13.537 / /  − 13.537 /  − 30.592 /  − 30.592 
N3  − 11.309 / /  − 11.309 /  –23.803 /  –23.803 

/: no found. 
N0 was the raw wastewater, and the pH value of N0 was 6.7 (unadjusted). N1, N2 and N3 were the treated wastewater at different pH levels, and the pH values of N1, 
N2 and N3 were 6.0, 7.0 and 9.0, respectively. 

Fig. 7. Hypothetic mechanisms of the ARGs removal in the wastewater by the combined Fe6+ and SO3
2- treatment.  
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