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A B S T R A C T   

Anaerobic ammonium oxidation (anammox) process exhibits advantages in treating high-ammonium livestock 
wastewater, while the anammox bacteria is vulnerable to heavy metal and antibiotics. Arsenic and sulfonamides 
extensively existed in livestock wastewater; unfortunately, their effects on the anammox process have not yet 
been investigated. This work comprehensively evaluated the single and joint effects of As(III) and sulfameth-
oxazole (SMX) on the anammox process and revealed the related inhibitory mechanism. Anammox had 
extraordinary resistance to As(III) stress (0–50 mg L− 1), while nitrogen removal sharply deteriorated under the 
stress from 50 mg L− 1 As(III) and 3 mg L− 1 SMX. Exogenous As(III) damaged the protection of extracellular 
polymeric substance (EPS) and aggravated the inhibition of SMX. As(III) had direct toxic effects on anammox 
bacteria, while enhanced denitrifying capacity was the reason for inhibition of anammox by SMX. Moreover, the 
host arsenic resistance genes were changed under SMX inhibition. The findings of this study enrich our 
knowledge of the anammox response to various pollutants, and provide the operational guidance for anammox 
process to treat wastewater containing antibiotic and heavy metal.   

1. Introduction 

With the increasing population and the demand for food, the per 
capita antibiotic consumption increased by 26.2% from 2000 to 2015 
[1]. Veterinary antibiotics are inserted as feed supplements to promote 
animal growth and disease resistance, but most antibiotics are excreted 
in urine and feces. In the United States, the antibiotic dosage is 56.7 
million kg in animal excrements, and antibiotic residues are imported 
into soil and water by compost or improper disposal [2]. In antibiotic 
residues, sulfonamides are frequently detected, and the concentration of 
sulfonamides ranges from 682 to 1784 µg kg− 1 in topsoil with animal 
manure [3]. Sulfonamides inhibit the synthesis of tetrahydrofolic acid, 
which is a key building block of nucleic acids. According to the envi-
ronmental risk assessment, the negative effect of sulfonamides on mi-
croorganisms needs to be precautioned in wastewater and manure [4]. 
Meanwhile, the high concentration of antibiotic causes the accumula-
tion of antibiotic resistance genes (ARGs), and the livestock wastewater 
becomes a major ARG sink in ecosystem [5]. The spread of ARGs 

decreases effectiveness of antibiotics and threaten human healthcare 
system [6]. Therefore, clarifying its behavior and shifting mechanism of 
ARGs is essential. 

Roxarsone is also used as a feed additive to stimulate poultry growth, 
with a dose range of 20–50 mg kg− 1 [7]. However, only 10% of the 
roxarsone is absorbed, and most roxarsone ends up in excrement. Ac-
cording to a survey on animal farms in China, the As(III) concentration is 
1.2–315.1 mg As g− 1 in pig manure [8]. As(III) is the main agent of 
roxarsone biotransformation under anaerobic conditions [9]. The 
widely present As(III) is a potential risk for treating livestock waste-
water. It has been reported that heavy metal may be also a promotor for 
the spread of ARGs [6]. For example, As, Zn and Cu induced the resis-
tance of tetracycline, and the concentrations of heavy metals were far 
below their minimum inhibition concentrations [10]. In addition, co- 
resistance (mobile genetic elements contain encoding ARGs and/or 
MRGs) is the potential mechanism of metal-driven selection of antibiotic 
resistance. 

The anammox process is a novel nitrogen removal process that 
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exhibits advantages in achieving carbon–neutral operation of sewage 
treatment plants [11]. No needs for aeration and exogenous carbon 
source are distinct advantages of anammox process, making it an effi-
cient and promising technology in treating high-ammonia loaded 
wastewater. Livestock wastewater containing a high concentration of 
ammonia nitrogen is considered an intricate problem in wastewater 
treatment. Till now, many anammox-based attempts have been made to 
remove nitrogen from livestock wastewater using anammox process. 
Chini et al. (2020) achieved a successful nitrogen removal from livestock 
wastewater by deammonification (Candidatus Brocadia was dominant), 
but the nitrogen removal efficiency (NRE) were unstable [12]. Yama-
moto et al. reported the NRE maintained at 55% and the color of 
anammox sludge changed from red to greyish black when treating 
livestock wastewater with nitrogen loading rate (NLR) maintained at 
0.39 kg N m− 3 d− 1 [13]. According to the pervious study, the anammox 
process was severely inhibited by 1 mg L− 1 SMX during the long-term 
experiment [14], while the long-term effect of As(III) on anammox 
process remains unknown. Therefore, the co-existence of antibiotics and 
heavy metals might be the reason for the deterioration of nitrogen 
removal performance of anammox process in treating livestock waste-
water. However, the response of anammox process to As(III) and SMX 
stress and the inhibitory mechanism are still unclear. Furthermore, 
extracellular polymeric substances (EPS) is first barrier against heavy 
metal [15]. Thus, the protection of EPS needs further verification during 
the long-term experiment under heavy metal stress. Meanwhile, the 
relationship between ARGs and MRGs is still unclear in anammox 
process. 

This study aims to explore the single and joint effects of As(III) and 
sulfamethoxazole (SMX) on anammox and reveal inhibitory mechanism. 
Reactor performance was investigated by a long-term experiment that 
was designed to assess the effects of As(III) and SMX on the nitrogen 
removal process. The behavior of EPS secreted by anammox biomass 
was analyzed. Furthermore, resistance genes and functional genes were 
investigated. Finally, the dynamics and network of the microbial com-
munity were determined. 

2. Materials and methods 

2.1. Seeding sludge and synthetic wastewater 

Anammox seeding sludge (dominated by Candidatus Kuenenia 
stuttgartiensis) was harvested from a high-loaded upflow anaerobic 
sludge blanket (UASB) reactor with 1.52 g L− 1 suspended solids (SS) and 
20.90 g L-1 volatile suspended solids (VSS). The synthetic wastewater 
included substrates, inorganic solutions, and trace elements. The com-
ponents of synthetic wastewater are given in Table S1. 

2.2. Experiment operational strategy and sample collection 

Three 1.0 L UASB reactors were used in this study, R1, R2 and R3. R1 
and R2 were designed to investigate the individual effects of As(III) and 
SMX on the anammox process, while R3 was operated to identify their 
joint effects on anammox biomass. Reactors were incubated in a dark 
and thermostatic (35 ± 1 ◦C) room. NaAsO2 was the carrier of As(III). 
According to a literature investigation, the concentration of arsenic 
could reach 1000 μg L− 1 and 315.1 mg As g− 1 in groundwater and pig 
manure, respectively [16]. In poultry wastewater, 0–2.3 mg L− 1 SMX 
was detected [17]. Five phases were designed, and the details are pre-
sented in Table 1. Meanwhile, the hydraulic retention time kept at 2.03 
h. 

The extraction and characterization of EPS are illustrated in the 
supporting information. According to a previously report [18], a batch 
test was used to determine the specific anammox activity (SAA). The 
protein (PN) and polysaccharide (PS) contents were measured by the 
modified Lowry method and anthrone method, respectively. NH4

+-N, 
NO3

–-N, NO2
–-N, SS, VSS and pH were measured by standard methods 

[19]. Each test was performed in triplicate. 

2.3. DNA extraction and functional gene and ARG quantification 

Sludge samples were withdrawn from the three reactors at the end of 
each phase and named R10-14, R20-24 and R30-34. The Power Soil DNA 
Kit (MoBio Laboratories, USA) was used to extract DNA from granular 
sludge according to its protocol. The extracted DNA was store at − 20 ◦C. 
In this study, many ARGs were detected, and finally the five highly 
specific ARGs (sul1, sul2, arsA, arsM and aioA), eight functional genes 
(hzsA, hdh, nirS, nirK, norZ, napA, norB and nxrB) and an integrase gene 
(intI1) were quantified by quantitative polymerase chain reaction 
(qPCR) (QuantStudio 3, Applied Biosystems, USA). The details of the 
primers and annealing temperatures are summarized in Table S2. The 
detailed procedures of qPCR were performed as previously reported 
[20]. 

2.4. Microbial community analysis 

The dynamic variation in the microbial community was analyzed by 
high-throughput sequencing. The 16S rRNA gene was amplified by 
universal primers (338F/518R) and sequenced by an Illumina MiSeq 
PE250 platform. The Chao, Shannon and Simpson indexes were esti-
mated to evaluate the variation in community diversity. 

2.5. Other analytical procedures 

A t-test was used to evaluate the significance by SPSS 21.0 (SPSS Inc., 
USA). A network analysis was performed as previously reported [21], 
and a correlation analysis was conducted the Psych package installed in 
R software (www.r-project.org). Gephi (version 0.9.1) was used to 
achieve network visualization. 

3. Results and discussion 

3.1. Performance of anammox process exposed in As(III) and SMX 

The nitrogen removal performances and the variations in pH in the 
three reactors are shown in Fig. 1. Before SMX and As(III) were added, 
the three reactors achieved steady nitrogen removal performance at P0. 
The nitrogen removal efficiency remained at 85 ± 2%, with the NLR 
kept at 4.0 ± 0.6 kg N m− 3 d− 1. The average effluent ammonia, nitrite 
and nitrate were maintained at 39.5 ± 1.5, 16.0 ± 2.0 and 33.0 ± 0.7 mg 
L− 1, respectively. The pH of the effluent remained at 8.5. 

In R1, P1-P3 were designed to assess the potential effect of different 
As(III) concentrations on anammox, and the recovery ability of anam-
mox biomass was evaluated at P4. In P1, the nitrogen removal perfor-
mance was enhanced with the addition of 1.0 mg L− 1 As(III). The 
average nitrite decreased from 14.0 to 4.0 mg L− 1, while nitrate 
increased from 32.3 to 35.0 mg L− 1. The results indicated that the 
anammox process can tolerate the stress of 1 mg As(III) L− 1, and a low 
concentration of As(III) could promote the proliferation of anammox 
bacteria . Evidence that low concentrations of heavy metals, e.g., Cd(II) 
and Cu(II), could promote the performance of the anammox process was 

Table 1 
The dosing strategy of different reactors.  

Phase Time 
(d) 

R1 R2 R3 

As(III) 
(mg L− 1) 

SMX 
(mg L− 1) 

As(III) 
(mg L− 1) 

SMX 
(mg L− 1) 

P0 1–18 0 0 0 0 
P1 19–62 1 1 1 1 
P2 63–94 10 2 10 2 
P3 95–115 50 3 50 3 
P4 116–138 0 0 0 0  
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observed in the batch test [15,22]. However, the enhancement of the 
anammox process by heavy metals has hardly ever been reported for 
long-term incubations, and the reason might result from the different 
operating conditions. The reactor performance began to fluctuate when 
10 mg L− 1 As(III) was added at P2, and the NRE was in the range of 
80.8–95.6%. In P3, the NRE sharply decreased to 76.6% from 95 to 100 
d, but the NRE recovered to 95 ± 1% in the following 9 d. In P3, the 
recovery of NRE might be attributed to the build-up of metal resistance 
during the long-term As(III) stress. Su et al. (2021) also reported that the 
anammox process was inhibited by 5 mg L− 1 La(III), and the deterio-
rated nitrogen removal performance was also recovered to the normal 
level under the La(III) stress [23]. These results indicated that the 
anammox process could tolerate certain concentrations of heavy metals 
through a long-term acclimation of low-concentration heavy metals. In 
all, the anammox process could maintain high-efficiency nitrogen 
removal under 1–50 mg L− 1 As(III) stress. 

In R2, anammox was resistant to inhibition by 1 mg L− 1 SMX. The 
reactor performance deteriorated under the stress of 2 mg L− 1 SMX. The 
NRE declined to 68.0 ± 7%. Simultaneously, the pH also decreased from 
8.70 ± 0.1 to 8.38 ± 0.1 in the effluent, and the concentration of nitrite 
increased to 70.0 ± 19 mg L− 1. In addition, the accumulated nitrite 
reached higher than 70 mg L− 1 when the concentration of added SMX 
was 3 mg L− 1. At 104 d, the NRE declined to 69.0%, which was the most 
severe inhibition observed, but the situation did not persist in the 
remaining days of P3: the NRE gradually recovered to 80%. The long- 
term acclimation under 1 and 2 mg L− 1 SMX might contribute to this 
phenomenon. The increasing abundance of ARGs (sul1 and sul2) and the 
shift in bacterial communities had positive effects on relieving SMX 
stress, and further promoted bacteria metabolic activity (Fig. 5) [24]. 
Finally, the performance of the reactor was restored to that at P0 when 
SMX was eliminated from the system. Hence, anammox biomass exhibits 

great potential for reclamation. 
When 1 mg L− 1 As(III) and SMX were synchronously added to R3, the 

process performance remained at a level comparable to that of P0. With 
2 mg L− 1, multiple contaminants were added to the influent, and the 
process performance began to become unstable and worsen. The NRE 
finally decreased to 62.5% on day 94. Different from the performances at 
R1 and R2, the performance continuously deteriorated at P3. The con-
centrations of ammonia and nitrite increased to 95.0 ± 15 and 125.3 ±
7 mg L− 1 in the effluent, respectively, while the NRE also declined to 
44.3% on day 115. In addition, the restoration ability worsened under 
the combined stress of As(III) and SMX. Due to a severe inhibition 
occurred at P3, a strategy of reducing influent nitrogen load was chosen 
to accelerate the restoration of nitrogen removal performance in P4, 
which was also applied in the previous study [25]. The influent total 
nitrogen decreased from 420 to 140 mg L− 1 on 119 d, and the NRE 
rapidly recovered to 94 ± 1% on 121 d. However, the NRE fluctuated 
and finally reached 78% when influent total nitrogen was 420 mg L− 1, 
which indicated this strategy could recover the nitrogen removal per-
formance to a certain extent. Therefore, the combined stress of As(III) 
and SMX had an irreversible effect on the anammox process. 

Overall, the anammox process exhibited resistance to As(III) pres-
sure. Antibiotics seem to be a potential threat in anammox. It has been 
confirmed that spiramycin (≥3 mg L− 1) can inhibit anammox activity 
[26]. The nitrogen removal capacity was deprived under 2 mg L− 1 

oxytetracycline stress [27]. In this experiment, the anammox process 
was disturbed under the stress of 2 mg L− 1 SMX, and the 3 mg L− 1 SMX 
could deprive the nitrogen removal capacity. Compared with the stress 
of a single heavy metal and antibiotics, the stress of As(III) and SMX 
decreased the performance of the anammox process. It has also been 
affirmed that the joint effect of zinc and tetracycline was stronger than 
single-species inhibition on the anammox process [28]. 

Fig. 1. Nitrogen removal performance of each reactors during different phases. R1 was added As(III) (a), R2 was added SMX (b), and R3 was simultaneously added As 
(III) and SMX (c). NLR: total nitrogen load rate; NRR: nitrogen removal rate; NRE: nitrogen removal efficiency. 
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3.2. Specific anammox activity 

From Fig. 2a, the original SAAs were maintained at 263.2 ± 39.1, 
255.3 ± 23.8 and 194.9 ± 5.8 mg N g− 1 VSS d− 1 for R1, R2, and R3, 
respectively. In P1, the SAAs increased to 342.7 ± 45.2, 417.1 ± 5.3 and 
344.0 ± 12.2 mg N g− 1 VSS d− 1, respectively. The results showed that 
low concentrations of As(III) and SMX could promote anammox activity. 
The lowest SAA was observed at P2, and compared with those at P0, the 
SAAs decreased by 45%, 40% and 31% for R1, R2, and R3, respectively. 
The results indicated that As(III) and SMX were potential threats to 
anammox when the concentrations of these contaminants were higher 
than 1 mg L-1. The inhibition was temporary. In P3, the SAAs increased 
to 312.8 ± 56.0, 197.8 ± 45.4 and 212.5 ± 9.6 mg N g− 1 VSS d-1 in the 
three reactors. The SAAs rebounded in P4, which were 2.13 (R1), 1.76 
(R2) and 1.41 (R3) times higher than that in P0. Similar results had been 
reported in the anammox process after the stress of antibiotics [29], The 
overcapacity and acclimation of microorganisms might be built during 
the long-term stress of SMX and As(III), and further enhanced the SAA 
when both inhibitors was eliminated [30]. However, compared with 
those of R1 and R2, the recovery rate of R3 was inferior because the 
combination of As(III) and SMX caused severe inhibition of anammox 
bacteria. When the anammox process was used to treat As(III) contain-
ing wastewater, the method of elevating As(III) concentration strategy in 
wastewater can enhance the resistance of anammox. 

3.3. The characterization of EPS 

3.3.1. EPS production 
In P1, the PN and PS remained at the same level, at 204.3 ± 11.5 and 

28.8 ± 4.4 mg g− 1 VSS, respectively (Fig. 2). The bacteria of high SAA 
trends to secrete more EPS [31]. According to Fig. 2a, the SAAs distinctly 
increased at P1. Meanwhile, the yield of EPS was simultaneously 
increased to 324.3 ± 3.3 mg g− 1 VSS. Therefore, the elevated SAAs 
contributed to the increased EPS production. In P2, due to the inhibition 
of the anammox process, the activity of microorganisms declined, and 
the yields of EPS decreased in R1 and R3, but that of R2 increased. The 

increased EPS could account for the protective mechanism. According to 
a previous report [14], under antibiotic stress, microorganisms trigger 
the secretion of more EPS to provide binding materials to complex with 
antibiotics. In P3, the protective mechanism was more apparent, with 
EPS production increasing by 147% and 133% compared with those of 
P0 in R2 and R3, respectively. In Fig. 2c, PN production was increased in 
the three reactors when contaminants were added compared with P0, 
while PS production was stable. Therefore, microorganisms tended to 
produce more protein under the combined and individual stress of As 
(III) and SMX. Bacteria can secrete extracellular proteins under anti-
biotic stress [32]. Moreover, tetracycline stimulates the expression of 
lapA and further produces proteins that can bind antibiotics, thus pre-
venting their contact with cells [33]. 

3.3.2. EPS component analysis 
As Fig. 3 shows, there were two components separated through 

parallel factor analysis. Components A and B were located at excitation 
(Ex)/emission (Em) wavelengths of 220 and 270/330 and 260 and 350/ 
410, respectively. Components A and B can be assigned to tryptophan- 
like substances and fulvic acid [34]. The fluorescence parameters are 
summarized in Table 2. In R3, components A and B were enhanced with 
As(III) and SMX addition, and tryptophan and fulvic acid contained 
abundant groups to defend against contamination [22]. Component B 
tended to decline in R1 and R2. Fulvic acid was verified to be the major 
source of phenolic and carboxyl groups, and As(III) and SMX could be 
complexed by those groups [35,36]. Complexation is the main reason for 
the decrease in fulvic acid. 

3.3.3. Secondary protein structure 
Analysis of the secondary protein structure of EPS was performed to 

estimate the effects of As(III) and SMX on the extracellular protein 
structures of anammox bacteria at P3. The structures had distinct dif-
ferences in R1, R2 and R3, and the details are displayed in Table 3 and 
Fig. S1. In the fitting process, 1610–1642 cm− 1 and 1680–1695 cm− 1 

were considered the characteristic peaks of β-sheets, 1650–1660 cm− 1 

represented α-helices, and the characteristic peaks of β-turns and 

Fig. 2. The long-term effect of As(III) and SMX on SAA (a); EPS (b) and corresponding PN (c) and PS (d) in each phase.  
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random coils were centered at 1660–1680 cm− 1 and 1642–1650 cm− 1, 
respectively [37]. The factor α-helix/(β-sheet + random coil) was used 
to estimate the protein structure, and a higher value indicates a more 
compact structure [38]. R2 had the most compact structure, with an 
α-helix/(β-sheet + random coil) of 0.46, while the value of α-helix/ 
(β-sheet + random coil) declined in R1 and R3. The final degree of 
compact structure decreased in the order R2 > R3 > R1. The extracellular 
protein plays an essential role in protecting cell by forming barrier for 
the electron transfer process [39]. The loose protein structure caused the 
unfolding of the peptide chain and more redox active sites, which 
further reduced the protective effect of extracellular protein through 
weakening the blocks of electron transfer process [40]. Therefore, the As 
(III) addition directly affected the protection of extracellular protein and 
further made bacteria more susceptible to environmental variations. 

3.3.4. Zeta potential analysis 
The zeta potential is closely associated with the stability of sludge 

and the structure of EPS [41]. As Fig. 3c shows, the zeta potential of the 
original EPS was maintained at − 12.3 ± 0.2 mV. With increasing con-
centration of As(III), the zeta potential gradually declined. The zeta 
potential when EPS and 50 mg L− 1 As(III) were mixed was approxi-
mately − 19.1 ± 1.0 mV. Meanwhile, the trend of Rh was in line with the 
zeta potential results. The Rh decreased from 3651 to 425 nm when the 
concentration of As(III) increased from 0 to 50 mg L− 1 (Fig. 3d). How-
ever, the changes in zeta potentials of the mixture with SMX and EPS 
were irregular and maintained at a small range from − 15.1 to − 16.1 
mV, when 1–3 mg L− 1 SMX was added (Fig. S2). The higher absolute 
values of zeta potentials enhanced the electrostatic repulsion and 
decreased aggregation in colloid [42], which probably further raised the 
permeability of EPS through forming more dispersed colloid system 
[43,44]. Furthermore, the results also manifested that As(III) destroyed 
the stability of EPS. It had been reported that the decreased aggregation 
reduced EPS content by transforming into soluble organic matter [45]. 
Overall, As(III) had a negative effect on EPS by promoting the perme-
ability of EPS and reducing EPS content. 

3.4. Changes in the key functional genes involved in the nitrogen cycle 

The eight key functional genes involved in anammox (hzsA, hdh), 
denitrification (nirS, nirK, norZ, napA, norB) and nitrification (nxrB) 
processes were quantified. As Fig. 4 shows, the absolute abundances of 
hzsA and hdh declined from 2.24 × 108 ± 1.50 × 107 to 9.53 × 107 ±

2.50 × 106 and from 1.74 × 107 ± 9.89 × 105 to 8.83 × 106 ± 8.33 × 105 

copies ng− 1 DNA at P3 in R1, respectively. Meanwhile, the lowest NRE 
was observed at P3 with 79%. However, other genes had no remarkable 
variation in R1. hzsA and hdh encoded hydrazine synthase and hydrazine 
dehydrogenase, which play an essential role in anammox. hzsA was 
considered a biomarker for anammox bacteria [46]. Due to As(III) 
addition, the absolute abundances of hzsA and hdh remarkably 
decreased, which blocked the anammox process by washing out anam-
mox bacteria and further deteriorated nitrogen removal performance 
(Fig. 6a). Therefore, the direct toxic effects of As(III) on anammox 

Fig. 3. The separated fluorescent components of EPS (a, b), which were detected by parallel factor analysis; and the potential effect of As(III) on the aggregation of 
EPS: The variations in zate potential (c) and the hydrodynamic radius (d). 

Table 2 
Variations in each component fluorescent scores deciphered by parallel factor 
analyze at different phases.  

Phase R1 R2 R3 R1 R2 R3  

Component A Component B 

P0  246.52  236.15  202.29  25.32  42.30  23.87 
P1  288.65  200.30  245.05  23.24  37.91  35.27 
P2  218.06  208.87  259.00  16.30  19.53  27.34 
P3  473.95  473.36  362.43  22.07  29.20  27.71 
P4  375.28  436.40  366.16  20.30  29.00  30.59  

Table 3 
The relative content of secondary structure of the protein in different reactors at 
phase 3.  

Biomass 
type 

β-sheet α-helix β-turn Random 
coil 

α-helix/(β-sheet +
random coil) 

R1  27.27%  16.79%  36.40%  19.54%  0.36 
R2  31.15%  24.79%  18.04%  22.20%  0.46 
R3  7.97%  23.02%  18.01%  50.99%  0.39  
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abundance were responsible for disturbing the NRE in R1. 
In contrast to the abundances in R1, the absolute abundances of 

anammox process-related functional genes were increased in R2. In P3, 
the absolute abundances of hzsA and hdh increased 1.23 and 1.17 times 
compared with those in P0. The increased abundances in functional 
genes were considered a type of defensive mechanism that operates by 
self-regulation of the mRNA levels [14]. Meanwhile, the key functional 
genes involved in denitrification and nitrification were increased with 
SMX addition. The absolute abundances of norZ, norB, nirS, nirK, and 
nxrB at P3 were 2.39, 4.93, 4.20, 4.00 and 3.09 times higher than those 
at P0. Tetracycline could increase the abundance of denitrification genes 
[47]. Due to long-term incubation under low antibiotic concentrations, 
ARGs were promoted, and a low concentration of SMX acted as a carbon 
source to promote the denitrification process. It was noted that the NRE 
decreased to the lowest value of 66%, while the key functional genes 
involved in denitrification and nitrification reached the highest absolute 
abundances in P3. Therefore, 3 mg L− 1 SMX greatly promoted deni-
trifying and nitrifying bacteria, which resulted in anammox bacteria in 
inferior ecological niches and further deteriorated the nitrogen removal 
performance. 

In R3, the absolute abundances of hzsA and hdh decreased with 
elevating concentrations of contaminants, while the absolute abun-
dances of norZ, norB, nirS, nirK and nxrB increased. In the three reactors, 
the lowest value of NRE was observed in R3 with 40% when 3 mg L− 1 

SMX and 50 mg L− 1 As(III) were simultaneously induced. In R3, the 
inhibition was the sum of effects observed in R1 and R2. The toxic effects 
were processed by anammox bacteria, while the promoted denitrifica-
tion and nitrification process caused the anammox to deteriorate. 

3.5. Response of ARGs to As(III) and SMX stress 

Two SMX-related (sul1 and sul2) and three As(III)-related (arsA, arsM 
and aioA) resistance genes were investigated. Fig. 5 showed that sul1 and 
sul2 increased with increasing SMX concentration in R2. The absolute 
abundance of sul1 reached 9.33 × 106 ± 3.81 × 105 copies ng− 1 DNA at 

P3, which was 169 times higher than that at P0. Meanwhile, the absolute 
abundance of sul2 also increased from 4.64 × 106 ± 2.33 × 105 copies 
ng− 1 at P0 to 1.77 × 107 ± 1.26 × 106 copies ng− 1 DNA at P3. The 
increasing trend of ARGs indicated that more sul genes relieved the SMX 
stress by encoding dihydropteroate synthase [48]. However, the results 
also suggested that ARGs could be hundredfold enriched at high con-
centration of antibiotics, and the ecocrisis caused by ARGs is alarming. 
The sul1 and sul2 also increased with concentration of contaminations in 
R3, but the highest values were observed in different phases. Meanwhile, 
the absolute abundance of sul1 and sul2 were much lower than those in 
R2. It was reported that the Zn(II) addition could decreased the abun-
dance of tetracycline resistance genes [28]. Therefore, the As(III) addi-
tion might wash out the resistant bacteria of SMX and weakened the 
resistance to SMX. 

An efflux pump gene (arsA), arsenic methylation and volatilization 
genes (arsM), and an arsenite oxidation gene (aioA) were investigated by 
qPCR [7,49,50]. In R1, the absolute abundances of arsM and aioA greatly 
increased. In P3, the copies of arsM and aioA increased to 3.31 × 106 ±

1.39 × 105 and 8.25 × 103 ± 9.89 × 105 copies ng− 1 DNA from initial 
copy numbers of 2.98 × 106 and 6.30 × 103 ± 7.66 × 102, respectively. 
The results indicated that As(III) stress increased the risk of the accu-
mulation and dissemination of MRGs. In R3, the absolute abundances of 
arsA and aioA distinctly increased. The highest values of arsA and aioA 
were 1.55 and 3.73 times higher than the values at P0. In contrast to its 
trend under As(III) stress, the arsenic methylation gene decreased with 
SMX addition. The efflux pump and arsenite oxidation were important 
tools to relieve the stress from As(III) and SMX. Moreover, intI1 was 
successfully detected in the three reactors. intI1 was maintained at low 
abundance in R1, whereas the abundance of intI1 was promoted with 
increasing concentrations of contaminants. The increase in the level of 
intI1 in R3 was much higher than that in R2. IntI1 was closely associated 
with the co-resistance in various environments [51]. Therefore, the co- 
resistance of SMX and As(III) existed in anammox process and played 
an essential role in relieving environmental stress. Moreover, the MRGs 
showed the highest abundances in R3, which indicated the antibiotics 

Fig. 4. Nitrogen cycle genes involved anammox (hzsA, hdh), denitrification (nirS, nirK, norZ, napA, norB) and nitrification (nxrB) process in three reactors.  
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simultaneously promoted the accumulation of MRGs. 

3.6. Responses of microbial communities 

3.6.1. Microbial diversity and community composition 
The ACE and Chao indexes were used to illustrate the community 

richness, and community diversity was indicated by the Shannon and 
Simpson indices. As shown in Table S3, As(III) and SMX reduced the 
community richness according to the ACE and Chao indexes, indicating 
that some anammox bacteria were washed out under the stress of As(III) 
and SMX. Planctomycetes, Chloroflexi, Proteobacteria, Bacteroidetes 
and Firmicutes were the main dominant phyla. In R1, the lowest relative 
abundance of Planctomycetes was observed at P3, having decreased 
from 20% to 7%. The high concentration of As(III) inhibited Plancto-
mycetes. Meanwhile, the variations in hzsA and hdh also confirmed that 
Planctomycetes decreased in abundance. In R2, the relative abundance 
of Planctomycetes increased to 30% at P2 and was maintained at 18% in 
the remaining phases. The results indicated that anammox bacteria 
might have resistance under the long-term antibiotic exposure. In R3, the 
variation in community composition seems to be a combination of the 
variation in R1 and R2. The relative abundance of Planctomycetes 
increased at P1 and P2, which might contribute to the magnitude of the 
effect caused by SMX, but the relative abundance of Planctomycetes 

dramatically decreased under high As(III) concentration. In addition, 
the relative abundance of Firmicutes in R1 gradually increased from 1% 
at P1 to 4% at P3. The results indicated that Firmicutes could live in As 
(III)-laden wastewater. Firmicutes was dominant in arsenic-laden tailing 
dam sludge [52]. 

3.6.2. Functional species shift 
Taxonomic details at the genus level are shown in Fig. 6a. Candidatus 

Kuenenia was the dominant anammox bacterium in this experiment. In 
P1, the relative abundance of Ca. Kuenenia decreased from 16% to 9% in 
R1, while it increased from 12% to 26% and 12% to 20% in R2 and R3, 
respectively. The results indicated the Ca. Kuenenia was sensitive to As 
(III) stress, while 1 mg L− 1 SMX promoted the proliferation of Ca. 
Kuenenia. In P3, Ca. Kuenenia abundance was dramatically decreased in 
R1 and R3, with relative abundances of 5% and 7%, respectively. 
Simultaneously, the NRE decreased to 79% and 40%, respectively, 
which indicated that Ca. Kuenenia was washed out and further impacted 
the nitrogen removal ability. Denitratisoma and Bacillus were denitrify-
ing bacteria in this experiment [53]. In R2, the relative abundances of 
Denitratisoma and Bacillus increased from 4% and 1.2% at P1 to 8% and 
30% at P3. The increased denitrifying genus abundances corresponded 
with the trend of denitrifying functional genes. The increased deni-
trifying bacteria might associate with the decreasing of SAA and NRE at 

Fig. 5. Response of antibiotic resistance genes (ARGs) and metal resistance genes (MRGs) to As(III) and SMX in the anammox process.  
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P3. Denitrifying bacteria became dominant which caused anammox 
bacteria was disadvantageous by changeable community structure. 
When As(III) and antibiotics were withdrawn, the relative abundances 
of Ca. Kuenenia recovered to 24%, 15% and 32%, respectively. The 
results verified that Ca. Kuenenia had great recovery ability. Further-
more, the lowest abundance of Ca. Kuenenia was observed in the phase 
with the lowest NRE; therefore, the abundance of Ca. Kuenenia repre-
sents the anammox performance. 

3.6.3. Variation in co-occurrence of bacteria and ARGs during different 
exposure modes 

As shown in Fig. 6b, the relationship between arsenic resistance 
genes (arsA, arsM, aioA) and dominant bacteria varied greatly. arsM had 
the most abundant interactions, which suggested that the arsenic 
methylation gene might play an essential role in alleviating As(III) 
stress. Furthermore, norank_c_Dojkabacteria had a strong interaction 
between arsM and aioA, which suggested that norank_c_Dojkaabundance 
was a potential resistant bacterium. The norank_c_Dojkaabundance was 
considered to live in extreme environments, and the increasing trend in 
norank_c_Dojkabacteria indicated a reduction in metabolic capacity [54]. 

In R2, norank_p_NB1-j, which belongs to Proteobacteria, was a unique 
bacterium connected with sul1 and sul2. The proteobacteria could 
transform SMX to less-toxic N4-acetylsulfamethoxazole by comet-
abolism [55]. Therefore, the biotransformation of SMX by nor-
ank_p_NB1-j might be the main reason for the negative correlation 
between norank_p_NB1-j and ARGs. Furthermore, the correlation anal-
ysis in Fig. S3 showed that sul1 and sul2 had significant positive corre-
lations with denitrification functional genes (nirS, nirK, norZ, napA, 
norB). 

The complexity of the network increased in joint contaminant, which 
indicated that SMX and As(III) stimulated the interaction between 
bacteria. This phenomenon was also found in the anammox process 

under salt stress [56]. It was worth noting that the host bacteria of 
arsenic resistance genes changed from norank_c_Dojkabacteria to Limno-
bacter and SM1A02 under the stress of SMX. The horizontal gene transfer 
caused ARGs spread among microbial populations, mediated by mobile 
genetic elements (such as plasmid, integron and transposon) [57]. As the 
results of intI1, the absolute abundance of intI1 in R3 was much higher 
than that in R1 and R2. It was verified that antibiotics could promote the 
horizontal gene transfer of ARGs through integrons and further change 
the host bacteria of arsenic resistance genes [58]. It was reported that 
the potential resistant bacteria were the main driving force of ARGs; 
thus, the identification and elimination of potential host bacteria was 
the key of impeding ARGs spread [59]. However, the shift of potential 
host bacteria makes it more difficult. Therefore, the relationships among 
environmental stress (e.g. antibiotics, nanoparticles and heavy metal), 
dominant bacteria, ARGs and MRGs need further exploration at 
expressional and metabolic levels, which provides valuable references 
for the identification of potential host bacteria. 

4. Conclusion 

High concentrations of As(III) (≥10 mg L-1) and SMX (≥2 mg L− 1) 
had negative but reversible effects on the anammox process. EPS builds 
an effective parclose to defense inhibition, and extracellular proteins 
play a major role. As(III) addition resulted in a dispersive and loose EPS 
structure and enhanced permeability, which increased the probability of 
SMX directly contacting cells. Based on the analysis of the microbial 
community and functional genes, the As(III) stress was a direct threat to 
anammox bacteria, and the relative abundance of Ca. Kuenenia 
decreased from 16% to 5% when 50 mg L− 1 As(III) was added. Bacillus 
became dominant when 3 mg L− 1 SMX was added, which promoted 
denitrification. Increased ARGs and intI1 promoted the resistance of the 
anammox biomass, and As(III) and SMX resistance genes exerted 

Fig. 6. Microbial community analysis of anammox biomass at the phylum level and the genus level in the three reactors (a). Network analysis of the dominant 
bacteria and ARGs in R1, R2 and R3 (b). The size of node represents the number of connections. The positive correlation of each node is connected by red curves, and 
the negative correlations are connected by green curves. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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coselection pressure on the anammox process. Network analysis 
revealed that the host arsenic resistance genes changed from nor-
ank_c_Dojkabacteria to Limnobacter and SM1A02 under SMX stress, and 
the correlation between their abundances was strengthened under As 
(III) and SMX stress. 
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