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A B S T R A C T   

The anaerobic ammonium oxidation (anammox) process is regarded as a promising approach to treat antibiotic- 
containing wastewater. Therefore, it is urgent to elucidate the effects of various antibiotics on the anammox 
process. Moreover, the mechanism of extracellular polymeric substance (EPS) as protective barriers to relieve 
antibiotic stress remain unclear. Therefore, the single and combined effects of erythromycin (ETC) and sulfa-
methoxazole (SMZ), and interactions between EPS and antibiotics were investigated in this study. Based on a 
228-day continuous flow experiment, high concentrations of ETC and SMZ had significant inhibitory effects on 
the nitrogen removal performance of the anammox process, with the abundances of corresponding antibiotic 
resistance genes (ARGs) increasing. In addition, the combined inhibitory effect of the two antibiotics on the 
anammox process was more significant and longer-lasting than that of the single. However, the anammox process 
was able to quickly recover from deterioration. The tolerance of anammox granules to the stress of low- 
concentration antibiotics was probably attributed to the increase in ARGs and secretion of EPS. Molecular 
docking simulation results showed that proteins in EPS could directly bind with SMZ and ETC at the sites of GLU- 
307, HYS-191, ASP-318 and THR-32, respectively. These findings improved our understanding of various anti-
biotic effects on the anammox process and the interaction mechanism between antibiotics and proteins in EPS.   

1. Introduction 

The prevalence of antibiotic resistance is of great concern for public 
health, with the increasing incidence of antibiotic resistance genes 
(ARGs) and antibiotic resistant bacteria (ARB) in various environments. 
Wastewater treatment plants (WWTPs) are recognized as sinks of ARGs 
and ARB due to the high level of residual antibiotics (Guo et al., 2017). 
For example, wastewaters from WWTPs were generally found to contain 
sulfamethoxazole (SMZ), and its concentration ranged from 0.2 to 2.4 
mg L− 1 depending on the wastewater treatment stage (Shelver and 
Shappell, 2008). Erythromycin (ETC) was also frequently detected in 
effluents and surface water with the concentration at the μg L− 1 level 
(Kim et al., 2007, Wu et al., 2014). Therefore, achieving the simulta-
neous efficient removal of antibiotics and nitrogen is urgent for current 
wastewater treatment. Anaerobic ammonium oxidation (anammox) has 
been regarded as an efficient biological nitrogen removal technology in 
antibiotic wastewater treatment due to its low sludge production and 

operating cost (van de Graaf et al., 1995). Notably, the performance of 
the anammox process is frequently affected by operational parameters 
(e.g., temperature, hydraulic retention time), substrate concentrations 
(nitrite and ammonia), and pollutants in wastewater (e.g., heavy metals, 
nanoparticles, antibiotics) (Jin et al., 2012). Thus, it is necessary to 
clarify the response of anammox bacteria to these inhibitory 
compounds. 

With the extensive utilization of antibiotics, the diverse effects of 
various antibiotics on the nitrogen removal of the anammox process 
have been reported previously, such as oxytetracycline (Yang et al., 
2013), norfloxacin (Zhang et al., 2018b) and spiramycin (Jing et al., 
2020). In most cases, antibiotics commonly coexist with other pollut-
ants; thus, their co-selective pressures on the anammox process have 
also been studied in recent years (Fu et al., 2020). However, most ex-
periments were performed through batch tests in the short term with a 
focus on biomass properties and nitrogen removal performance. Few 
studies have evaluated and compared the single and combined effects of 
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different pollutants on the anammox process in the long term. Zhang 
et al. (2016) examined the single and combined impacts of oxytetracy-
cline and Cu2+ and proposed that the formation of a Cu-oxytetracycline 
complex reduced the toxicity of both materials to anammox bacteria. 
The performance of the anammox process under individual and com-
bined stresses of oxytetracycline and sulfamethoxazole was also tested 
(Zhang et al., 2019a). The results showed that the resistance of the 
anammox process to both antibiotics was higher than that of each 
antibiotic. In contrast, the combined inhibition of Zn2+ and tetracycline 
on the anammox process performance and bacterial activity was more 
significant (Fan et al., 2019). Based on previous results, different anti-
biotics have different influences on anammox consortia (Zhang et al., 
2020a). Therefore, it is still necessary to further enrich our knowledge of 
the performance and microbial responses of anammox bacteria to 
various antibiotics and the corresponding mechanism. 

Previous studies showed that toxic pollutants frequently induce the 
secretion of extracellular polymeric substance (EPS), which is also an 
effective barrier for anammox bacteria to resist antibiotics (Wang et al., 
2018). It has been reported that the resistance of the anammox system to 
SMZ might be related to EPS (Zhang et al., 2019a). Zhang et al. (Zhang 
et al., 2020b) proposed that EPS addition was able to effectively main-
tain anammox activity during long-term storage under starvation. It is 
concluded that EPS plays an important role in protecting anammox 
bacteria. EPS contains abundant and diverse proteinaceous components 
to facilitate adsorption of antibiotics from wastewater via the amine and 
carboxyl groups (Yu, 2020). Zhang et al. (2018a) reported that the EPS 
of sulfate-reducing bacteria (SRB) sludge possessed high hydrophobicity 
and binding strength between EPS and ciprofloxacin. However, the 
functions of the anammox EPS and its interaction with antibiotics 
remain to be elucidated. 

ETC and SMZ are typical macrolide and sulfanilamide antibiotics 
that have been widely used in treating human and animal diseases. To 
date, their combined effects on the anammox process have remained 
unclear. Therefore, this work comprehensively revealed the response of 
the anammox process to the single and combined stresses of the two 
antibiotics. In addition, the potential binding sites between proteins in 
EPS and antibiotics were proposed based on molecular docking simu-
lation, which helped to broaden the understanding of EPS functions in 
preventing antibiotic stress. 

2. Materials and methods 

2.1. Sludge inoculation and operational strategy 

Seed sludge was collected from a long-term stable upflow anaerobic 
sludge blanket (UASB) reactor with a nitrogen loading rate (NLR) of 5.94 
g N L− 1 d− 1. Four UASB reactors were constructed with an effective 
volume of 1.0 L and incubated in a thermostatic (35±1◦C) room 
(Fig. S1). Considering that the inhibitory effects might be related to the 
anammox granular properties, the initial particle size and volatile sus-
pended solids (VSS) of the sludge in four reactors were controlled at 
1.4±0.2 mm and 28±0.7 g L− 1, respectively. Three different antibiotics 
were selected in this study: including ETC (Re), SMZ (Rs) and multiple 
antibiotics (ETC+SMZ, Rse). The synthetic wastewater used in this study 

is listed in Table S1. Ammonium sulfate and sodium nitrite were sup-
plied as substrates at a ratio of 1:1. The substrate concentration was 
initially controlled at 280 mg L− 1, but it was changed according to the 
process performance. The hydraulic retention time (HRT) was 3.2 h, and 
the influent pH was controlled at 8.0. 

Batch experiment was performed to determine the half maximal 
inhibitory concentration (IC50) of both antibiotics on anammox process 
in a short term (Lu et al., 2021). The IC50 of SMZ and ETC were 32 and 3 
mg L− 1, respectively. Given that the long-term exposure to the 
high-strength antibiotics probably destroyed the anammox systems, the 
maximum concentrations were controlled at approximately half of the 
critical values. The concentrations of SMZ and ETC in this study were 
0-16 mg L− 1 and 0-1.6 mg L− 1, respectively. The whole experimental 
period was divided into six phases, and the detailed dosing strategy in 
each reactor is shown in Table 1. Sludge and water samples were 
collected regularly from each reactor for the subsequent determination 
of conventional parameters. 

2.2. Chemical analysis 

Conventional parameters, such as NH4
+-N, NO2

− -N and SS, were 
measured daily according to the standard methods (Federation and 
APHA, 2005). Dissolved oxygen (DO), pH and temperature were 
determined using a thermometer and Orion Star A portable DO/pH in-
strument (Thermo Scientific, USA). The SAA and EPS were monitored 
based on previous studies (Chen et al., 2017, Zhang et al., 2019b). Zeta 
potential was measured using a Nanosize ZS potentiometer (Malvern 
Instruments Co., UK). The detailed procedures of preparing the mixture 
samples for zeta potential measurement are described in Supplementary 
Materials. 

2.3. DNA and RNA extraction 

The sludge samples of 2 mL were collected at the end of Phase 1-6 (on 
days 66, 138, 168, 196 and 228). Genomic DNA of the anammox sludge 
samples was extracted using the Power Soil DNA kit (MoBio Labora-
tories, USA) the manufacturer’s instructions. The concentration and 
quality of DNA were examined by a NanoDrop 2000 (Thermo Scientific, 
USA) followed by agarose (1%) gel electrophoresis. The extracted DNA 
was temporarily stored at -20◦C for subsequent experiments. Similarly, 
RNA was extracted using the Power Soil RNA Kit (MoBio Laboratories, 
USA) based on the protocol. A sludge sample of 2 g was collected for 
RNA extraction, and the quality was also determined using the 
NanoDrop. 

2.4. High-throughput sequencing 

High-throughput sequencing was performed according to Fan et al. 
(2019). Briefly, the DNA was amplified using the universal primers 
(338F/518R), and then sequenced on the Illumina Miseq platform 
(Majorbio, China). Original sequences have been deposited in the NCBI 
Sequence Read Archive (SRA) database under BioProject SRP188024 
(accession numbers SRR 10259585-92). 

Table 1 
Operational strategies used in this study.  

Phase Period (d) R0 Rs Re Rse 

Sulfamethoxazole (mg L− 1) Erythromycin (mg L− 1) Sulfamethoxazole + Erythromycin (mg L− 1) 
0 0-7 0 0 0 0 
1 8-37 0 0.5 0.05 0.5+0.05 
2 38-67 0 1 0.1 1.0+0.1 
3 68-139 0 2 0.2 2.0+0.2 
4 140-169 0 4 0.4 4.0+0.4 
5 170-199 0 8 0.8 8.0+0.8 
6 200-229 0 16 1.6 0  

N.-S. Fan et al.                                                                                                                                                                                                                                  
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2.5. Quantification of key genes 

Antibiotic resistance genes (sul1, sul2 and ermF), functional genes 
(AMX and hzsA) and intergon encoding gene (intI1) were quantified to 
evaluate the effects of antibiotics on the abundances of ARGs and the 
expression levels of the functional genes. The abundances of ARGs and 
functional genes were determined using quantitative polymerase chain 
reaction (qPCR) and real-time reverse transcription PCR (RT-PCR), 
respectively. The appealing temperature of each gene was listed in 
Table S2, and the detailed procedures are available in the Supporting 
information (SI). 

2.6. Molecular docking simulation 

Molecular docking was stimulated via the Autodock 4.2.6 software 
package (Kılıç et al., 2021). The two-dimensional structures of ligands, 
acquired from the PubChem database (https://pubchem.ncbi.nlm.nih. 
gov/), were used after energy minimization optimization by Chem-
Draw 14.0. The crystal structure of the representative anammox-related 
protein (PDB ID: 6eu6) was downloaded from the protein data bank 
(http://www1.rcsb.org/structure/6eu6). PyMOL2.1 was used to 
remove the water molecule and the original ligand. Autodock Tools 
1.5.6 software was used to optimize the structures of the receptors 
(ammonium transporters) and ligands (SMZ and ETC). Docking was 
performed randomly, and the docking box wrapped the entire protein. 
The center coordinates of the box were (-7.198, -39.633, -0.417). The 

number of lattice points in all directions (X, Y, and Z) was set as 126 ×
115 × 126. The number of molecular docks was set to 200, and the 
remaining parameters were default values. 

2.7. Statistical analysis 

A t-test was performed to evaluate the significant differences using 
SPSS 18.0 (SPSS Inc., USA). Correlation analysis between bacteria and 
ARGs was conducted using R software (R i386 4.0.2) with the Psych 
package. Network analysis of the microbial community was also per-
formed in R and then visualized by Gephi software (version 0.9.2). 
Principal component analysis (PCA) was performed and visualized using 
CANOCO 4.5. 

3. Results 

3.1. Difference in the performance under antibiotics stress 

3.1.1. Nitrogen removal performance 
The initial influent concentration of substrates (NH4

+ and NO2
− ) was 

maintained at approximately 280 mg L− 1, with the HRT of 3.2 h. After 7 
days of acclimation, the NREs of the four reactors were stable at a high 
level of >95% (Fig. 1). In the first phase (8~38 days), the nitrogen 
removal performance of R0 remained stable with the NLR and nitrogen 
removal rate (NRR) of 4.3±0.3 g L− 1 d− 1 and 3.7±0.5 g L− 1 d− 1, 
respectively. In comparison, the nitrogen removal performance of the 

Fig. 1. Nitrogen removal performance of three anammox systems under the antibiotic stress. (a): The reactor Re under the ETC stress, (b): the reactor Rs under the 
SMZ stress, and (c): the reactor Rse under the stress of both antibiotics. Conc.: concentration. 

Table 2 
The NLR and NRR of three reactors under antibiotic pressures.  

Reactor Performance Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 
Re NLR Average 4.31±0.34 4.29±0.22 3.99±1.01 3.01±1.10 2.07±0.14 1.91±0.13   

Increase a 9.02 -5.13 -2.14 -48.61 -3.04 4.85  
NRR Average 3.71±0.50 4.05±0.24 3.73±1.00 2.45±0.79 1.82±0.14 1.74±0.15   

Increase 27.21 -0.1 -4.85 -50.02 -2.23 6.03 
Rs NLR Average 4.55±0.32 4.35±0.30 4.01±1.02 3.14±1.18 2.15±0.19 2.14±0.14   

Increase 2.65 -3.45 -5.01 -55.27 2.12 4.71  
NRR Average 3.92±0.53 4.06±0.29 3.77±0.99 2.31±1.00 1.57±0.16 1.89±0.20   

Increase 31.23 -3.03 -8.74 -62.36 13.01 25.92 
Rse NLR Average 3.58±1.20 2.16±0.19 2.05±0.46 1.62±0.59 1.14±0.11 1.17±0.09   

Increase -49.41 -9.85 -7.26 -52.46 -13.02 -3.25  
NRR Average 2.39±0.66 2.02±0.21 1.63±0.63 1.00±0.56 0.61±0.13 0.73±0.12   

Increase -36.42 -9.54 -14.51 -45.09 -28.27 -5.91  

a Increase (%) in each phase = (Final value-Initial value) / Initial value • 100. The color of each table cell represents the values. The darkest red corresponds the 
lowest value, while the darkest blue indicates the highest value. 
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experimental reactors under the stress of various antibiotics showed 
different trends (Table 2). The NLR and NRR of Re and Rs were generally 
increased by 9.0%, 27.2% and 2.7%, 31.2%, respectively. The similar 
response of the anammox process to the two antibiotics indicated that 
0.05 mg ETC L− 1 and 0.5 mg SMZ L− 1 induced a comparative promotion 
on the anammox performance. In contrast, the effluent concentrations of 
NH4

+-N and NO2
− -N in Rse dramatically increased to 123.4 mg L− 1 and 

214.2 mg L− 1 within 5 days, and then decreased to 7.0 mg L− 1 and 20.4 
mg L− 1, respectively, at the end of this phase. Correspondingly, the NLR 
and NRR of Rse significantly decreased by 49.4% and 36.4%, respec-
tively. The deterioration of the anammox performance in Rse suggested 
that the toxicity of the combined antibiotics was much stronger than that 
of the single one. The different inhibitory mechanisms of SMZ and ETC 
implied that there was no antagonism between them; thus, the effects of 
two inhibitors are definitely severer than that of the single one. To 
relieve the inhibitory effect of antibiotics, the influent concentration of 
substrates was reduced to 140 mg L− 1. However, the nitrogen removal 
efficiency was still as low as 65.2±1.3%; thus, the influent concentration 
of NH4

+-N and NO2
− -N in Rse was maintained at 140 mg L− 1 from Day 30, 

and NRE recovered to 91.6% at the end of the first phase. 
The concentrations of ETC and SMZ increased to 0.1 and 1 mg L− 1 in 

the second phase, while the total concentration of antibiotics added in 
Rse was 1.1 mg L− 1. The NLR and NRR of Re and Rs slightly decreased 
with the average respective values of 4.3 g L− 1 d− 1 and 4.1 g L− 1 d− 1 in 
Re and 4.4 g L− 1 d− 1 and 4.1 g L− 1 d− 1 in Rs. Simultaneously, those of Rse 
continued to decrease to 2.2±0.2 g L− 1 d− 1 and 2.0±0.2 g L− 1 d− 1. With 
further increases in the antibiotic concentrations to 0.2 and 2 mg L− 1 in 
Phase 3, a larger reduction could be observed in the three reactors. The 
marked fluctuation during days 98-104 was mainly caused by temporary 
termination of the reactor operation for three weeks due to the influence 
of the novel coronavirus. The system rapidly was restored within 10 
days by reducing the influent substrate concentrations. Therefore, the 
decline in the process performance of all reactors during Phase 3 was 
primarily attributed to the antibiotic stress instead of operational 
suspension. 

The most significant operational deterioration occurred in Phase 4 
with the antibiotic concentrations of 0.4 mg ETC L− 1 and 4 mg SMZ L− 1. 
The effluent concentration of NO2

− -N gradually increased under the 
above conditions, and reached to 88.7 mg L− 1 in Re, 197.3 mg L− 1 in Rs 
and 95.8 mg L− 1 in Rse on day 148. Although the influent substrate 
concentrations were reduced to 140 mg L− 1 in Rs, Re and 70 mg L− 1 in 
Rse from day 152, the NLR and NRR remained at the relatively low levels 
in the three reactors, compared with their initial states. In Phase 5, 
higher concentrations of antibiotics further caused a reduction in the 
NREs of Re and Rse. In contrast, the NLR and NRR of Rs increased 
respectively by 2.1% and 13.0% during this period, suggesting that the 
microbial community might adapt to the antibiotic stress. This phe-
nomenon also appeared in Re in Phase 6, even though the antibiotic 
concentration increased. The high-strength antibiotics did not inhibit 
the nitrogen removal performance of Rs and Re but played a positive role 
in their restoration. To evaluate whether the effect of high-concentration 
antibiotics on the anammox process was reversible, no antibiotics were 
added to Rse in the last phase. The slightly increasing trend of NLR and 
NRR reconfirmed the reversibility. 

During the whole experimental period, the nitrogen removal per-
formance of each reactor was closely related to the antibiotic concen-
tration, and the anammox process exhibited an adaptability to high- 
strength antibiotic stress (Table 2). Initially, the Rse showed a high 
sensitivity to the addition of the two antibiotics at low concentrations. 
Such inhibition largely decreased in the following two phases, although 
the antibiotic concentration increased. Simultaneously, the inhibitory 
effect of the single antibiotic gradually emerged. Antibiotic inhibition 
achieved an approximate maximum significance in all reactors in Phase 
4, indicating that the effect of ETC and SMZ on the anammox process did 
not accumulative. Afterwards, all reactors began to recover in the order 
of Rs, Re and Rse, manifesting that the combined impact of ETC and SMZ 

on the nitrogen removal performance of the anammox system was 
longer and severer than that of the single antibiotic. The various re-
sponses and corresponding recovery period of the anammox process 
under antibiotic stress might be due to the difference in the resistance 
mechanism of ARGs (Table S2). 

3.1.2. Anammox activity and EPS 
Specific anammox activity (SAA) is an important index reflecting the 

process performance of anammox (Fig. 2a). Initially, the SAA was 
approximately 340 mg g− 1 VSS d− 1 in all reactors. With the addition of 
antibiotics, SAA generally increased, except for that of Rse. In the second 
phase, SAA dramatically decreased to a low level of 120 mg g− 1 VSS d− 1. 
From then, that of Rc remained stable till the end of the experiment, 
while the rest reactors showed a significant deterioration. Similarly, the 
greatest reduction in SAA of the experimental reactors occurred on day 
168 with an average value of 24.19±17.28 mg g− 1 VSS d− 1. Afterwards, 
Rs and Re rapidly recovered to the comparative values with those in the 
second phase, while the Rse did not appear to recover within such a 
limited period. 

The trend of SAA during the experimental period was generally in 
line with the nitrogen removal performance. In comparison, the SAA 
decreased by 70.8% in Rs, 57.7% in Re and 86.5% in Rse, which verified 
that the inhibitory effect of multiple antibiotics was significant than that 
of the single. Similar conclusions were also reported under other con-
ditions, such as the heavy metals and antibiotics. Fan et al. (2019) found 
that exposure to zinc and tetracycline caused a worse performance. 
Moreover, such a reduction in SAA in Rse might be mainly contributed 
by the side effects of SMZ because SMZ showed a stronger inhibition on 
Rs. 

EPS has been recognized as a “safeguard” to prevent the pollutant 
inhibition (Zhang et al., 2020b). The content in Rc was relatively stable 
during the experimental period, while antibiotic stress caused 

Fig. 2. Changes in the SAA of anammox granules in three experimental re-
actors (a), and analysis of the composition of the EPS secreted by anammox 
bacteria in Rse (b). 
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significant fluctuations in EPS in the experimental reactors, especially in 
Rse (Fig. 2b). Under the initial exposure to the two antibiotics, the EPS 
content increased gradually to the maximum value of 187.3 mg g− 1VSS 
on day 138. Afterwards, the EPS content continuously decreased with 
the increasing antibiotic concentrations, and then rebounded in the last 
recovery phase. As the main components in EPS, the ratio of pro-
tein/polysaccharide (PN/PS) reflected the hydrophobicity of sludge 
(Zhang et al., 2018a). The minimum value of PN/PS was 9.3 on day 198, 
manifesting the poor flocculation ability of the anammox sludge. 
Simultaneously, NRE was as low as 49.8%, which was in line with the 
sludge properties. Notably, NREs on days 36, 66, 138 maintained at a 
high level with values of 91.6%, 98.9% and 96.8%, respectively. 
Correspondingly, the PN contents gradually increased during this 
period. It was reported that most proteins in EPS are important media for 
transporting small molecules, which showed a strong binding ability in 
previous studies (Chen et al., 2019, Xu et al., 2013). This function of PN 
is in favor of binding antibiotics and further relieving antibiotic stress on 
anammox bacteria. 

3.2. Microbial responses to the antibiotic pressures 

3.2.1. Evolution of microbial community 
The microbial community analysis results showed that the dominant 

phyla were Planctomycetes, Proteobacteria, Chloroflexi, Armatimona-
detes and Ignavibacteriae, among which the most abundant phylum was 
Planctomycetes with the average relative abundance of 37.0% in Rc, 
37.2% in Re, 36.9% in Rs and 35.1% in Rse (Fig. 3). The relative abun-
dance of Planctomycetes in the control reactor was maintained at 
35.56±2.12% in the first three phases and increased slightly to 
38.35±4.88% from Phase 4. Under antibiotic pressure, the variations in 
the microbial community of the experimental reactors showed quite 
different trends, but were similar to each other. The relative abundance 
of Planctomycetes showed a significantly increasing trend in Phase 2 in 
all reactors, suggesting that low-concentration antibiotics might 
contribute to the increase in Planctomycetes. Specifically, the prolifer-
ation of Candidatus Kuenenia, the representative genus in Planctomy-
cetes, was greatly promoted during this period, and then reduced in the 
following phase. Afterwards, the abundance of Ca. Kuenenia in the three 
experimental reactors recovered to different levels. It was interesting 
that the final abundance of Ca. Kuenenia in Re was significantly higher 

than the initial value, while that in Rs was lower than the initial values. 
This result suggested that SMZ had a significant inhibitory and lasting 
impact on the anammox bacteria, but the effect of ETC was smaller and 
temporary. Simultaneously, Ca. Kuenenia also maintained a relatively 
lower abundance in Rse during Phase 3-5, indicating that the side effects 
of SMZ outweighed the adaptability of anammox bacteria. However, 
such inhibition was reversable, which could be concluded from the 
increasing trend in the last phase of recovery. 

The response of Proteobacteria to these two antibiotics was also 
opposite, especially Burkholderiales at the order level. The abundance of 
Proteobacteria was dramatically reduced from 20.5% to 16.7% in Re, 
while it increased from 22.2% to 26.2% in Rs. The different variations 
indicated that Proteobacteria was more sensitive to ETC, but was 
tolerant to SMZ. The combined effect of both antibiotics caused a slight 
decrease in the Proteobacteria populations from 21.2% to 20.2% in Rse, 
confirming the antagonistic effects between ETC and SMZ on Proteo-
bacteria. A similar response was also observed for Chloroflexi; this 
phylum plays an important role in the flocculation of sludge and may 
cause sludge bulking when they extensively grow (Zhang et al., 2015). 
Caldilinea was the predominant genus of Chloroflexi. The Eikelboom 
type 0803, a typical bulking-caused filamentous bacterium, was 
morphologically identified to be affiliated with Caldilinea (Kragelund 
et al., 2011). 

At the genus level, several functional bacteria might be involved in 
the nitrogen removal of this system. For example, the genome of Igna-
vibacterium album contains a NrfAH complex, suggesting that this 
microorganism is able to catalyze the second step of dissimilatory nitrate 
reduction to ammonium (DNRA), which is the reduction of nitrite to 
ammonium (Grießmeier et al., 2017). Nitrosomonas are mainly 
responsible for nitrification. The cooccurrence of ammonia-oxidizing 
bacteria (AOB) and Ca. Kuenenia was observed in the full-scale waste-
water treatment systems, and they were distributed differently in terms 
of biomass (Park et al., 2014). Nitrosomonas was also the only AOB 
detected in the one-stage nitritation-anammox systems, and was 
distributed on the surface compared with anammox bacteria in the intra 
of granules (Chu et al., 2015). Although the synthetic wastewater 
composition was strictly autotrophic, heterotrophic bacteria still coex-
isted in all anammox reactors. Their survival probably depends on the 
soluble microbial products and EPS (Cydzik-Kwiatkowska and Zie-
lińska, 2016). The PCA in Fig. 3 elucidated a distinct separation between 

Fig. 3. Microbial community analysis and principal component analysis (PCA) of Re (a), Rs (b) and Rse (c). The columns indicate the microbial community structure 
at the phylum level, while the pies indicate the microbial community structure at the genus level. 
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the sludge samples collected in the low-stress period and the high-stress 
period, which was primarily attributed to the increase in the relative 
abundances of Parcubacteria, Ca. Saccharibacteria and Nitrospirae 
under the high-strength antibiotic stress. 

3.3. Variations in key genes under different antibiotics stress 

The abundances of ARGs and the expression level of functional genes 
changed with increasing antibiotic concentrations (Fig. 4). In general, 
the expression levels of AMX and hzsA in the control reactor were higher 
than those in the three experimental reactors, especially in the last two 
phases. The inhibition of antibiotics on functional genes was in line with 
the decrease in the abundance of Ca. Kuenenia, further leading to the 
deterioration of the process performance in the anammox systems. In 
contrast, antibiotic stress showed a promoting effect on the abundances 
of ARGs. With the long-term stress of antibiotics, the final abundances of 
sul1, sul2 and ermF in the experimental reactors in Phase 6 were 
significantly higher (p<0.05) than those in Rc. It was noted that the 
abundances of sul1 and sul2 in Rse were generally higher than those in 
Rs, indicating that multiple antibiotics might induce the transfer of 
ARGs. The abundance of ermF in Re and Rse dramatically increased in 
the last phase and was mainly ascribed to the horizontal transfer of 
ARGs, which was reflected by the similar trend of intI1. Although 
antibiotic stress in Rse was removed in Phase 6, ARGs and intI1 
continuously accumulated, and their total abundances peaked at 2.5 ×
106 copies g− 1 sludge, implying the occurrence of horizontal gene 
transfer (HGT) and proliferation of ARG-carrying bacteria. Based on the 
variations in the abundance of intI1, antibiotic stress was likely to be the 
main driving force for the gene transfer, which probably further pro-
moted the occurrence of novel ARGs and ARB. 

4. Discussion 

4.1. Correlations analysis and potential host bacteria of ARGs 

According to the correlation analysis of the bacteria (the top 50 
genera in terms of abundance), functional and resistance genes 
(Table S3), the variations of several genera were significantly correlated 
with each other (117 pairs) and those of ARGs (13 pairs). In terms of the 
dominant (top 20) genera (Fig. 5), Ca. Kuenenia was positively corre-
lated with sul1 (r=0.894, p<0.05), while Phycisphaera, Gp10 and Gp3 
exhibited a significantly positive correlation with sul2 (r=0.874, 
r=0.883, r=0.888, p<0.05). In addition, Nitrospira was also positively 
correlated with sul2 (r=0.835, p<0.05), indicating that these microor-
ganisms were more tolerant to high-concentration antibiotic stress and 
contributed to the nitrogen removal of the process during the inhibitory 
periods. Phycisphaera and Nitrospira have been reported to be widely 
detected in WWTPs and are involved in nitrification and denitrification 
(Fan et al., 2020, Xia et al., 2019). 

Network analysis was conducted to identify the potential host bac-
teria of ARGs under antibiotic stress (Fig. 5). The three ARGs (sul1, sul2 
and ermF) exhibited connections with 103 genera in total (Table S4). 
The potential hosts of ARGs might change with different antibiotic 
stresses. For example, Ca. Kuenenia was predicted to carry sul2 and 
ermF in Rse, while both genes were independent of this bacterium in 
systems under single antibiotic stress. 

It was noted that the numbers of potential host bacteria of sul2 and 
ermF in Rse were much higher than those in Rs and Re, reconfirming that 
multi-antibiotic stress prompted the horizontal transfer of both ARGs. 
Except for Ca. Kuenenia, many of these predicted ARG-carrying bacteria 
have been reported to be involved in nitrogen removal or at least 
detected in denitrification systems, such as Nitrospira, Ignavibacterium, 
Thauera and Comamonas (Birgitta et al., 1998, Gumaelius et al., 2001). 
Combined with the analysis of the microbial community evolution, the 
potential resistant bacteria with the increasing abundance under anti-
biotic stress (e.g., Ignavibacterium) were the major contributors to 

maintaining nitrogen removal during the inhibitory period. There might 
be a competitive growth between these antibiotic-resistant community 
and nonresistant community. Under the long-term stress of the 
high-concentration antibiotic, the former population inevitably out-
competed the latter. Therefore, controlling the extensive proliferation of 
the ARG-carrying bacteria is urgent. Qian et al. (2020) proposed that the 
increase in abiogenetic temperature and anthropogenically-sourced 
salinity provided the opportunity for the advantageous growth of 
nonresistant community in bacterial ecosystems. 

4.2. Transfer of ARGs implied the co-selection of multi-antibiotic 
resistance 

Although ARGs transfer has two processes, namely HGT and vertical 
gene transfer (VGT), the high prevalence of multi-drug resistance (MDR) 
should be attributed mainly to the dissemination of MDR strains by point 
mutations and HGT (Chang et al., 2015). Mobile genetic elements 
(MGEs) play an intermediary role in the ARG transfer, such as plasmids 
and bacteriophages. It was reported that mobile plasmid in the extra-
cellular matrix mainly contributed to the facilitated dissemination of 
ARG through forming substituted aromatic-plasmid complexes to 
antagonize the EPS-mediated hydrolysis (Shou et al., 2019). Many re-
combinant plasmids carried intI1 (Tennstedt et al., 2003). According to 
Fig. 4, the abundances of intI1 and ARGs in Rse were generally higher 
than those in Rs and Re, and the correlation analysis results also indi-
cated that horizontal transfer of resistance genes occurred in the 
anammox systems. Resistance gene transfer is recognized as the root of 
multi-antibiotic resistance (Summers, 2006). The abundance of intI1 in 
Rse continuously increased from day 138 and reached the highest value 
of 4.7 × 106 copies g− 1 sludge in the last phase. This maximum value 
was higher than that of the rest reactors, especially the control, indi-
cating that intI1 promoted the horizontal transfer of ARGs. It was re-
ported that sul genes were normally found in integron and plasmid (Ho 
et al., 2009), verifying the correlations between the sul gene and intI1 
(Table S3). In addition, non-antibiotic chemicals, specifically heavy 
metals, can also put coselective pressures on the microbial community 
and further enrich bacteria with multi-antibiotic resistance (Fan et al., 
2019). Metal nanoparticles have been reported to accelerate the 
plasmid-mediated horizontal transfer of ARGs (Li et al., 2020). 

Based on the microbial community analysis, antibiotic stress 
contributed to the population evolution of the anammox system. In turn, 
HGT was conductive to maintaining the equilibrium of microbial com-
munities. Fan et al. (2018) also proposed that the rate and direction of 
HGT significantly affected the structural stability and robustness of the 
microbial community. Gene transfer may help systems recover from 
disturbance to a certain extent. It was noted that the total abundances of 
ARGs and intI1 in Re dramatically increased in the last phase, while the 
diversity and richness of the microbial community remained compara-
ble. A similar phenomenon was also observed in the other two reactors, 
validating the importance of gene transfer in maintaining population 
and operation stability. 

4.3. Antibiotic-EPS complex and ARGs accumulation relieve the stress of 
antibiotics 

Based on the previous analysis, proteins in EPS played a vital role in 
preventing antibiotic and ARG invaders through hydrolysis (Chaloupka, 
2012). Zeta potential is closely related to the structural stability of EPS 
(Chen et al., 2021). To further determine the interaction between EPS 
and antibiotics, zeta potentials of the EPS-antibiotic mixtures were 
measured and compared (Fig. 6). The original zeta potential of EPS was 
-12.3 mV. With adding different concentrations of SMZ, the zeta po-
tential increased to -10.5 mV (2 mg L− 1) and -5.9 mV (16 mg L− 1). 
Similarly, the zeta potential of EPS-ETC mixtures increased to -11.2 mV 
(0.2 mg L− 1) and -7.2 mV (1.6 mg L− 1). Apparently, the higher absolute 
values of zeta potential reflect the larger electrostatic repulsion and less 
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Fig. 4. Changes in the absolute abundances of two functional genes (AMX and hzsA), three ARGs (sul1, sul2 and ermF) and intI1.  

Fig. 5. Network and correlation analyses of the microbial community and ARGs in Re (a), Rs (b) and Rse (c).  
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aggregation in colloid (Li et al., 2016). With the increasing concentra-
tions of antibiotics, the zeta potential of EPS-antibiotic mixtures 
increased, indicating that antibiotics reduced the negative charges on 
the EPS surface and changed the configuration of EPS. 

Molecular docking simulation was further performed to visualize the 
connection between antibiotics and proteins in EPS. As mentioned 
above, the compositions of EPS are complex, containing numerous 
polysaccharides and proteins (Yu, 2020). Proteomic analysis results 
showed that 367 proteins were identified in the EPS of the anammox 
sludge sample, which were involved in substrate transport, ion binding 
and so on (Chen et al., 2019). However, the structures and functions of 
most proteins remained unclear. In the protein database (PDB), only 15 
proteins can be retrieved in Ca. Kuenenia stuttgartiensis, which is also 
the dominant anammox bacteria in this study. As the essential for 
anammox bacteria, sensing and assimilation of external ammonium are 
also the typical domains of the ubiquitous Amt/Rh ammonium trans-
porter; thus, ammonium transporter (ID: 6eu6) was selected as a 
representative receptor for molecular docking simulation. 

The optimal binding energy of the receptor (6eu6) and ligand (SMZ) 
was -7.58 kcal mol− 1, as shown in Fig. 7a. There were three hydrogen 
bonds between the receptor (binding sites: GLU-307, HYS-191 and ASP- 
318) and the small-molecule ligand. The distances of these hydrogen 
bonds were 1.9, 1.8 and 2.2, respectively. Similarly, ETC was also able to 

bind with the ammonium transporter at the binding site of THR-32, and 
the optimal binding energy was -2.74 (Fig. 7b). Similar combination 
through H bond was previously simulated between ciprofloxacin and 
tryptophan residues in biofilm, and metal bridge further contributed to 
detaining ciprofloxacin in the extracellular matrices (Kang et al., 2017). 
Notably, the different binding sites of ETC and SMZ indicated that both 
antibiotics might combine with the protein in EPS simultaneously. The 
antibiotic-EPS complex reduced the side effects of antibiotics on 
anammox bacteria. The increase in the PN content in EPS was conduc-
tive to the maintenance of stable nitrogen removal performance during 
the inhibitory period. 

In addition to the external protection of EPS, the ARGs accumulation 
also provided an internal protection. According to the quantification 
results of three ARGs, their abundances generally increased with the 
antibiotic concentrations, especially in the last phase (Fig. 4). The sul1 
gene is generally found in the Tn21 type integron, while sul2 is usually 
located on small plasmids of the IncQ family and another type plasmid 
(Ho et al., 2009). The expressed products of both genes showed low 
Km-values for sulfonamides binding; thus, the inhibitory effects of sul-
fonamides on bacterial proliferation were reduced (Sköld, 2000). In 
terms of the macrolide resistance gene (ermF), erm-encoding methyl-
transferases catalyze the dimethylation of the 23S rRNA nucleotide 
A2058 (Vester et al., 1995). The conformational change of this drug 
binding site limited the combination of 23S rRNA and macrolides, 
maintaining the normal transcription process (Svetlov et al., 2021). 
Therefore, the accumulation and expression of ARGs could help bacteria 
to tolerate the selection pressure of multi-antibiotics. 

5. Conclusions 

The full-scale implementation of anammox process is still a huge 
challenge, especially for the treatment of antibiotic-containing waste-
water. Results of this study suggested that the anammox process was 
able to tolerate the stress of low-concentration antibiotics, while the 
high-concentration antibiotics exhibited a significant inhibition, espe-
cially under the multi-antibiotic stress. The deterioration in the process 
performance was reversible, suggesting that the anammox process has a 
great potential to treat the wastewater containing multi-antibiotics. The 
establishment of systemic resistance was mainly attributed to the EPS 
protection and the ARGs accumulation during the long-term acclima-
tion. The potential three-dimensional structures showing the interaction 

Fig. 6. Zeta potentials of the mixture between 100 mg L− 1 EPS and antibiotics 
with the concentrations of 0-16 mg L− 1 SMZ and 0-1.6 mg L− 1 ETC. 

Fig. 7. Molecular docking simulation of the 
interaction between ammonium transporter 
(PDB ID: 6eu6) and SMZ. (a) shows the binding 
area between 6eu6 (green) and SMZ (colorful) 
and the interaction force analysis. The binding 
sites were GLU-307 (pink), HYS-191 (blue) and 
ASP-318 (yellow). (b) shows the binding area 
between 6eu6 (colorful) and ETC (pink) and the 
interaction force analysis. The binding site was 
THR-32 (pink). Due to the complex structure of 
ETC, the protein was visualized in “surface” 
mode to show the binding area clearly. The 
colors of the protein surface were set based on 
different atoms as follows: ●carbon, 
●hydrogen, ●nitrogen, ●oxygen, and ●sulfur.   

N.-S. Fan et al.                                                                                                                                                                                                                                  



Water Research 202 (2021) 117453

9

between extracellular proteins of anammox sludge and antibiotics were 
also illustrated based on the molecular docking simulation. The out-
comes of this study are important for clarifying the effect and mecha-
nism of multiple antibiotics on anammox process and for promoting 
anammox process in the treatment of antibiotic-containing wastewater. 
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