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Comparison of the dynamic responses of different anammox granules to 
copper nanoparticle stress: Antibiotic exposure history made a difference 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The responses of two different anammox 
granules to CuNPs were investigated. 

• Antibiotic-exposed anammox granules 
were more sensitive to the CuNPs stress. 

• CuNPs induced the co-selection of mul-
tiple resistance genes in the anammox 
system. 

• The mechanism through which CuNPs 
affected the anammox granules was 
speculated.  
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A B S T R A C T   

Two types of anaerobic ammonium oxidation (anammox) seed sludge were selected to evaluate their responses to 
copper nanoparticles (CuNPs) exposure. Antibiotic-exposed anammox granules (R1) were more likely to be 
inhibited by 5.0 mg L-1 CuNPs than the normal anammox granules (C1). The nitrogen removal efficiency (NRE) of 
C1 decreased by 9.00% after two weeks of exposure to CuNPs, whereas that of R1 decreased by 20.32%. 
Simultaneously, the abundance of Candidatus. Kuenenia decreased by 27.65% and 36.02% in C1 and R1 under 
CuNPs stress conditions, respectively. Generally, R1 was more susceptible to CuNPs than C1. The correlation 
analysis indicated that the horizontal transfer of antibiotic resistance genes and copA triggered by intI1 facilitated 
the generation of multiresistance in the anammox process. Moreover, the potential multiresistance mechanism of 
anammox bacteria was hypothesized based on previous results. The results will generate new ideas for the 
treatment of complex wastewater using the anammox process.   

1. Introduction 

At present, metal nanoparticles have been widely used in industrial 
production and daily life. Inevitably, the release of metal nanoparticles 
poses a high risk to the ecological environment and human health (Wang 

et al., 2015). Copper nanoparticles (CuNPs) have excellent optical and 
electrical properties, and have been widely used in rubber, smelters, 
power stations and fuel cells (Mudunkotuwa et al., 2012; Taberna et al., 
2006). In addition, due to the special antibacterial properties of CuNPs, 
these nanoparticles are also widely used in the feed industry, cosmetics 
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and medical drug design, among other industries (Piccinno et al., 2012). 
The environmental concentration of CuNPs generally varied from μg L-1 

to mg L-1 (Musee et al., 2011). Chio et al. (2012) detected that the CuNPs 
concentration in Taiwanese rivers was 0.06 mg L-1. However, the Cu2+

released from CuNPs are toxic to mice (Chen et al., 2006), sea trout 
(Kowalska-Goralska et al., 2019), and bacteria (Li et al., 2015). Addi-
tionally, the wide application of antibiotics in the medical industry, 
livestock husbandry and aquaculture has led to the discharge of a large 
amount of antibiotics into the surrounding aquatic environment (Cheng 
et al., 2013; De Cazes et al., 2014). Antibiotic stress further results in the 
existence and transformation of antibiotic resistance genes (ARGs) and 
antibiotic resistant bacteria (ARB), and these effects pose challenges to 
human health and the stability of the microbial community (Rizzo et al., 
2013). Streptomycin (STM) and spiramycin (SPM) are broad-spectrum 
antibiotics that have been widely used as veterinary medicines and in 
human disease therapy (Tang et al., 2019). 

As a new type of biological nitrogen removal technology, the 
anaerobic ammonia oxidation (anammox) process reduces the oxygen 
supply and carbon source, which has been widely considered due to its 
economical and energy saving (Tang et al., 2011). However, anammox 
bacteria (AnAOB) are very sensitive to various inhibitors in wastewater, 
such as antibiotics, heavy metals, organics, sulfides, salinity and nano-
particles (Fu et al., 2020; Xu et al., 2020; Zhang et al., 2021, 2017). A 
previous study showed that 10 mg L-1 silver nanoparticles (AgNPs) 
induced a decrease in the nitrogen removal efficiency (NRE) from 75% 
to 64% in unplanted subsurface-flow constructed wetlands (Li et al., 
2019). Another study reported that 5.0 mg L-1 CuNPs and 2.0 mg L-1 

oxytetracycline induced rapid deterioration of the nitrogen removal 
performance within 7 days (Cheng et al., 2020). Although many studies 
have evaluated the effects of metal nanoparticles and antibiotics on the 
anammox system, most of these focused on the single or combined ef-
fects of antibiotics and metals (Aydin et al., 2015; Fan et al., 2019). 
However, actual wastewater is a complex system containing various 
pollutants; thus, exploring the responses of the anammox process to the 
successive exposure of antibiotics and metal nanoparticles is crucial for 
the establishment of a full-scale anammox-based biological treatment 
process. 

In this study, two types of seed sludge were prepared in advance, 
including the normal anammox granules and antibiotic-exposed anam-
mox granules recovered from the stress of SPM and STM. Afterwards, the 
long-term responses of these two types of anammox granules to CuNPs 
were evaluated at the microbial and gene levels. This study aimed to (i) 
evaluate the responses of different anammox granules to CuNPs in terms 
of nitrogen removal performance, gene level and microbial community 
structure changes; (ii) reveal the effect of antibiotic pretreatment on the 
anammox response to the CuNPs stress; and (iii) deduce the influencing 
mechanism of antibiotics and CuNPs and the achievement of multi-
resistance in this system. The results are expected to provide a guidance 
to sewage treatment plants regarding the disposal of wastewater con-
taining antibiotics and metal nanoparticles through the anammox 
process. 

2. Materials and methods 

2.1. Experimental set-up 

Four up-flow anaerobic sludge blanket (UASB) reactors were oper-
ated in a thermostatic room (35 ± 1 ◦C) under dark conditions. The 
effective volume of these four reactors was 1.0 L. The seed sludge of C0 
and C1 was collected from a UASB reactor (3.0 L) operated over 4 years 
with a stable nitrogen removal rate (NRR) of 3.24 ± 0.25 kg N m− 3 d-1, 
whereas R0 and R1 were inoculated with the antibiotic-exposed gran-
ules. The main components of synthetic wastewater were substrates in 
forms of (NH4)2SO4 and NaNO2, trace elements and inorganic solutions 
(Zhang et al., 2020). 

2.2. Operating strategy and CuNPs preparation 

Each reactor was inoculated with 0.5 L of seed sludge, and the hy-
draulic retention time (HRT) was 1.4 h. The concentration of CuNPs to 
be added to the two experimental reactors (C1 and R1) was dependent on 
our previous study, which found that 5.0 mg L-1 CuNPs could exert a 
negative effect on the performance of anammox granules (Zhang et al., 
2017). The detailed operation strategy of these four reactors is listed in 
Table 1. The purity of CuNPs (Aladdin Reagent Co. Ltd., China) were 
99.9%, and the particle size was 10–30 nm. 

2.3. Water sample collection and chemical analysis 

The pH value and NH4
+-N, NO2

–-N and NO3
–-N concentration of 

influent and effluent were daily measured according to the previous 
study (Zhang et al., 2020). The concentrations of Cu2+ in the influent 
and effluent were analyzed by atomic absorption spectrometry (SHI-
MADZU, Japan). Samples were collected every two days and digested 
with concentrated HNO3 (the volume ratio of water sample to concen-
trated nitric acid was 1:9) to remove organic impurities. The specific 
anammox activity (SAA) and extracellular polymeric substances (EPS) 
contents were determined according to (Xu et al., 2020). 

2.4. Gene quantification and microbial community analysis 

Sludge samples were collected from the reactors on days 9, 32, 52 
and 81. The protocols used for the extraction of genomic DNA and high- 
throughput sequencing are conducted according to (Zhang et al., 2021). 
The functional genes (hdh; hzsA, nirS and nxrB), intI1 and resistance 
genes for copper (copA), STM (aac6ib, aph6id, aadA and aadB) and SPM 
(ereA, ermB, ermF and ermQ) were quantified by quantitative polymerase 
chain reaction (qPCR). The detail reaction system and operation pro-
cedures were based on a previous study (Zhang et al., 2020). 

2.5. Other analytical procedures 

The redundancy analysis (RDA) was performed using CANOCO 4.5 
software (Microcomputer Power Co., USA). The correlation among the 
functional genes, ARGs, copA, intI1and bacteria at the genus level in the 
anammox system were presented using network analysis. The correla-
tion analysis and visualization were performed using R software (www. 
r-project.org) and Gephi software (V 0.9.2), respectively. 

3. Results and discussion 

3.1. Nitrogen removal performance of different reactors 

The initial nitrogen removal performance of the four reactors was 
stable and similar, with the NRE, NLR and NRR of 90.16 ± 0.71%, 9.38 
± 0.11 kg N m− 3 d-1 and 8.42 ± 0.17 kg N m− 3 d-1, respectively. After 9 
days of stable operation of the reactors (phase 1), 5 mg L-1 CuNPs were 
added to C1 and R1. C1 was stable, while R1 deteriorated immediately. 
Approximately 13 days after the addition of CuNPs, NO2

–-N began to 
accumulate in C1, and the NRE decreased from the initial value of 
90.15% to 84.88%, which is consistent with the results of a previous 
study (Zhang et al., 2017). On day 39, the NRE of C1 sharply decreased 
to 63.71%, and the RS (NO2

–-N conversion/NH4
+-N depletion) and RP 

Table 1 
The operational strategy of CuNPs in this study.  

Phase Duration (d) Concentration of CuNPs (mg L-1) 

C0 R0 C1 R1 

1 1–9 0 0 0 0 
2 10–52 0 0 5 5 
3 52–81 0 0 0 0  
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(NO3
–-N production/NH4

+-N depletion) fluctuated, which indicated a 
disorder of the anammox metabolic pathways (Strous et al., 1998). After 
the introduction of CuNPs stress, the performance of R1 showed faster 
and stronger deterioration than that of C1, which indicated that R1 was 
extremely sensitive to the presence of CuNPs. The performance of R1 
began to deteriorate on the first day after the addition of CuNPs. The 
NRE of R1 decreased to 77.07% and fluctuated between 70.37% and 
87.80%, and this decrease was detected five days earlier than the time at 
which the strongest deterioration of C1 was observed. Afterwards, the 
NREs of C1 and R1 maintained at low levels of 61.69–66.82% and 
56.99–65.48%, respectively. 

In phase 3, as shown in Fig. 1, the changes in the NRE of C1 and R1 
exhibited similar trends, and both rebounded to about approximately 
90% after 12 days and 15 days without CuNPs, respectively. The dete-
rioration of R1 was significantly higher than that of C1, but the recovery 
of the two reactors was similar. This finding might be attributed to the 
release of Cu2+. The average concentration of dissolved Cu2+ in both 
reactors was basically the same (Table 2), which caused antibiotic- 
exposed anammox granules to show copper intolerance first, but the 
damage to C1 and R1 caused by Cu2+ was similar. In the absence of 
CuNPs, the damage to the cell membrane was also stopped, and recovery 
of the performance in two reactors could be observed afterwards. 

3.2. Response of SAA and EPS to the stress of CuNPs 

The initial SAAs of C0, R0, C1 and R1 were 219.88 ± 11.17, 214.48 ±
13.18, 247.44 ± 4.00 and 228.42 ± 17.81 mg N g− 1 VSS d-1, respec-
tively. The addition of CuNPs caused the SAA of these two reactors to 
decrease significantly by 56.81% and 52.00% on day 52, respectively 
(Fig. 2). These reductions were 1.9 and 4.6-fold higher than the reduc-
tion of SAA in C0 and R0, respectively. In the recovery phase, the SAAs of 

C1 and R1 increased to 212.29 ± 3.35 and 190.12 ± 28.85 mg N g− 1 VSS 
d-1, respectively. The comparable values to the initial SAA indicated that 
the inhibition of CuNPs on these two types of seed sludge was reversible, 
and the recovery levels of SAA in the two reactors were similar. 

The initial EPS contents of the four reactors were 228.10 ± 4.72, 
233.00 ± 1.26, 224.36 ± 4.16 and 213.62 ± 4.27 mg g− 1 VSS, respec-
tively. After the addition of CuNPs for 42 days, the EPS content in C1 and 
R1 decreased significantly by 36.72% and 52.07%, respectively. Simul-
taneously, the PS content of C1 and R1 decreased by 58.12% and 
76.03%, respectively. The loose structure of PS makes it easier to detach 
under the stimulation of CuNPs, and thereby easily affected the anam-
mox activity (Cheng et al., 2020). In addition, the PN contents of C1 and 
R1 decreased by 82.39 and 111.23 mg g-1VSS, respectively, which cor-
responded to 36.74% and 52.13% of the initial contents. The changes in 
the EPS content of C1 and R1 were in line with the results of a previous 
study (Zhang et al., 2017). The addition of CuNPs caused excessive 
secretion of EPS, and when the content of EPS was saturated, the outer 
EPS peeled off, which resulted in a significant decrease in the content of 
EPS (Cheng et al., 2020). EPS has the function of energy storage in cell 
metabolism and thus promotes the accumulation of AnAOB (Sheng 
et al., 2008). Under CuNPs stress condition, the variation in the EPS 

0 10 20 30 40 50 60 70 80
0.0

0.4

0.8

1.2

1.6

2.0

2.4

0

20

40

60

80

100

RS RP NRE

St
oi

ch
io

m
et

ri
c 

ra
tio

N
R

E
 (%

)

Operating time (day)

1.32

0.26

(a) (b)

50

100

150

200

250

300

350

0

2

4

6

8

10

12

N
itr

og
en

 c
on

ce
nt

ra
tio

n 
(m

g 
N

 L
-1

)

Inf. NH4
+ Eff. NH4

+  Inf. NO2
-

 Eff. NO2
-  Eff. NO3

- NLR
NRR

N
R

R
 o

r 
N

L
R

(k
g 

N
 m

-3
 d

-1
)

Phase 1 Phase 2 Phase 3

0 10 20 30 40 50 60 70 80
0.0

0.4

0.8

1.2

1.6

2.0

0

20

40

60

80

100

RS RP NRE

St
oi

ch
io

m
et

ri
c 

ra
tio

N
R

E
 (%

)

Operating time (day)

1.32

0.26

0

50

100

150

200

250

300

350

0

2

4

6

8

10

12

N
itr

og
en

 c
on

ce
nt

ra
tio

n 
(m

g 
N

 L
-1

)

Inf. NH4
+ Eff. NH4

+  Inf. NO2
-

 Eff. NO2
-  Eff. NO3

- NLR
NRR

N
R

R
 o

r 
N

L
R

(k
g 

N
 m

-3
 d

-1
)

Phase 1 Phase 2 Phase 3

Fig. 1. Nitrogen removal performance of C1 (a) and R1 (b). NLR: nitrogen loading rate; NRR: nitrogen removal rate; NRE: nitrogen removal efficiency.  

Table 2 
The average concentrations of dissolved Cu2+ in the influents and effluents of C1 
and R1.  

Phase Duration (d) Influent Cu2+ (mg L-1) Effluent Cu2+ (mg L-1) 

C1 R1 C1 R1 

1 1–9 0 0 0 0 
2 10–52 2.55 ± 0.19 2.55 ± 0.19 2.27 ± 0.22 2.22 ± 0.55 
3 52–81 0 0 0 0  
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content in C1 and R1 was consistent with that of SAA, as shown in Fig. 2a. 
The structure of EPS contains various functional groups, which 

contributes to absorbance of pollutants, such as organic micropollutants 
and heavy metals in wastewater (Yu, 2020). At the end of phase 2, the 
EPS content of R1 was significantly lower than that of C1, which was in 
line with the worse nitrogen removal performance observed in R1, as 
mentioned above. Moreover, the presence of metal ions and the reduc-
tion in the pore size of the EPS matrix might increase the probability of 
ARGs remaining in microbial aggregates (Miller et al., 2016). Hence, the 
combined action of metal ions and EPS promoted the spread of ARGs in 
aggregated sludge, such as anammox sludge, which also explained why 
the abundance of ARGs in R1 was significantly higher than that in C1 
under the stimulation of CuNPs. The complex relationship between 
CuNPs and EPS molecules needs to be studied. 

3.3. Impact of CuNPs on key functional genes and ARGs 

3.3.1. Variations in the abundance of functional genes 
Four functional genes (hdh, hzsA, nirS and nxrB) were quantified by 

qPCR. The variations in the abundance of functional genes in C0 and C1 
were generally similar. Although the functional genes of R0 and R1 had 
the same abundance in phase 1, the functional gene abundance with the 
exception of hdh then increased in R0, in contrast to the decreases 
observed in R1. At the end of phase 2, the abundance of hdh in R1 was 
1.08 × 106 copies ng− 1 DNA, which was an order of magnitude higher 
than that in R0 (5.21 × 105 copies ng− 1 DNA). The abundance of hdh 
decreased continuously in C1 and R1 in phase 2, but increased in phase 3 
only in R1. A previous study showed that hdh was closely associated with 
Candidatus. Kuenenia (Ma et al., 2017). The abundances of Ca. Kuenenia 
in C1 and R1 exhibited changes similar to that of hdh (Fig. 4b). Specif-
ically, the increase in the abundance of Ca. Kuenenia in R1 was 5.83% 
higher than that in C1 during the recovery phase. This result indicated 
that antibiotic-exposed anammox granules were more likely to recover 
after being inhibited by CuNPs. 

hzsA and hdh are responsible for encoding hydrazine synthase and 
hydrazine dehydrogenase in the anammox metabolic pathway, respec-
tively (Fan et al., 2020). After hydrazine synthetase converts NH4

+ and 
NO into hydrazine (N2H4), hydrazine dehydrogenase activity is inhibi-
ted by CuNPs, which leads to N2H4 accumulation (Zhang et al., 2017). 
The declining trend of hdh in C1 and R1 in this study indicated that 
CuNPs also inhibited the activity of hydrazine dehydrogenase, which 
contributed to the deterioration of the nitrogen removal performance. 

3.3.2. Variations in the abundance of intI1, antibiotic and copper resistance 
genes 

Absolute quantification of eight ARGs and intI1 was performed on 
days 9, 32, 52 and 81. Among these genes, aac6ib is an acetyltransferase- 
coding gene, aph6id is a phosphotransferase-coding gene, aadA and 
aadB are nucleotidyltransferases-coding genes, ereA is esterase coding 
gene, and ermB, ermF and ermQ are methylase-coding genes (Li et al., 

2017; Tian et al., 2020) . As shown in Fig. 3, most of the ARGs main-
tained low and stable abundance in both C0 and R0. However, under the 
stress of CuNPs, all ARGs showed an increasing trend in C1 and R1, 
particularly in R1. The abundance of aph6id and ermF in R1 significantly 
increased from 5.49 × 104 and 9.78 × 105 copies ng− 1 DNA (day 9) to 
2.33 × 106 and 2.37 × 106 copies ng− 1 DNA (day 32), respectively. In 
addition to aph6id, ermF and ermQ, the abundance of the other five ARGs 
continued to increase after exposure to CuNPs for 20 days. In addition, 
the abundances of aac6ib, aadA, aadB, ereA and ermB reached 2.11 ×
105, 4.01 × 105, 3.11 × 106, 5.51 × 104 and 3.11 × 1010 copies ng− 1 

DNA, respectively. In C1, after being stressed by CuNPs, the abundances 
of the ARGs showed an increasing tendency that was basically the same 
as found in R1. However, in addition to ereA and ermB, the abundances of 
other ARGs in C1 were substantially lower than those in R1. A study 
noted that ermB prevented antibiotics from entering the cell by stimu-
lating the cell membrane to produce PS (Zhu et al., 2013). In phase 2, the 
PS content in C1 was 16.86 mg g-1VSS, which was 7.12 mg g-1VSS higher 
than that in R1. Hence, the abundance of ermB in C1 was higher than that 
in R1. In general, the reactor with antibiotic pretreatment was more 
sensitive to the stress induced by 5 mg L-1 CuNPs, but this increase 
decreased rapidly in the recovery phase. 

The transfer of ARGs between bacteria can be assessed by mobile 
genetic elements (MGEs), especially intI1 (Brooks et al., 2014). In this 
study, the change in the abundance of intI1 was basically consistent with 
the variations in the abundance of ARGs in both C1 and R1, especially in 
R1. The abundance of intI1 in R1 increased from 4.35 × 104 copies ng− 1 

DNA to 1.62 × 106 copies ng− 1 DNA after exposure to CuNPs for 42 days. 
In the recovery phase, the gene copy number of intI1 decreased imme-
diately but remained an order of magnitude higher than the initial level. 

The general tendency of the abundance of copA was similar in C1 and 
R1. In phase 1, the abundances of copA in the four reactors were basically 
consistent, and their copy numbers were 4.25 × 104, 9.68 × 104, 9.37 ×
104 and 5.80 × 104 copies ng− 1 DNA, respectively. During exposure to 
CuNPs for a certain period of time, the abundance of copA in C1 and R1 
increased slightly, but not very significantly. However, after 20 days of 
continuous exposure to CuNPs, the abundance of copA showed a dra-
matical increase, and that in C1 was higher than that in R1 by 1.62 × 106 

copies ng− 1 DNA. In the absence of CuNPs stress, the abundance of copA 
in C1 were similar to that in R1, indicating that both anammox systems 
were resistant to CuNPs. In general, C1 showed a better tolerance to 
CuNPs, which was consistent with the changes in the abundance of copA. 

The co-selection of ARGs induced by heavy metals has become an 
emerging environmental problem (Ding et al., 2019). A previous study 
showed that 400 mg Cu kg− 1 soil led to an increase in the abundance of 
macrolide-lincosamide-streptogramin resistance genes in agricultural 
soils, which was mainly driven by changes in bacterial community 
structure and MGEs (Hu et al., 2016). The increase in macrolide- 
lincosamide-streptogramin resistance genes (ereA and ermF) in R1 was 
higher than that in C1, indicating that CuNPs could stimulate the spread 
of ARGs and induce multiple-resistance in the anammox system. 
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Fig. 2. Changes in the specific anammox activity (SAA) (a) and extracellular polymeric substances (EPS) extracted from C1 (b) and R1. (c). PN: protein; PS: 
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Fig. 3. Abundance of antibiotic resistance genes.  
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Similarly, the emergence and horizontal transfer of ARGs caused by 
CuNPs were more significant in the antibiotic-exposed anammox gran-
ules than that in the normal anammox granules (Fig. 3). 

3.4. Impact of CuNPs on microbial community structure 

3.4.1. Evolution of the microbial community 
The dynamic changes in microbial community of anammox granules 

in four reactors were performed by high-throughput sequencing. The 
Chao 1 and ACE indexes of C1 and R1 decreased on day 32, indicating 
that the richness of microbial community was significantly lower than 
that of the initial level. However, the alpha diversity analysis showed 
that the diversity and richness of microbial community recovered in the 
last phase, and even exceeded the initial level. The dominant phyla were 
Planctomycetes, Chloroflexi, and Proteobacteria, and their total abun-
dances in the four reactors accounted for 88.94%, 86.23%, 90.04% and 
89.57%. The dominant anammox bacteria in the four reactors was Ca. 
Kuenenia (Fig. 4). 

After exposure to CuNPs for 23 days (day 32), the abundance of 
Planctomycetes in C1 and R1 decreased from 47.96% and 49.54% to 

27.51% and 36.33%, respectively. On day 52, the abundances of 
Planctomycetes in C1 and R1 were gradually decreased to 20.06% and 
11.99%, respectively. In general, CuNPs inhibited the growth of Planc-
tomycetes in R1 more severely than that in C1. AnAOB belongs to 
Planctomycetes, which indicated the observed deterioration of the ni-
trogen removal performance and the detected reduction in SAA were 
due to the decrease in the dominant bacterial abundance. However, the 
variations in the abundance of Chloroflexi and Proteobacteria were 
opposite to those in the abundance of Planctomycetes. The addition of 
CuNPs increased their abundance in the absence of CuNPs, which 
indicated that Chloroflexi and Proteobacteria were resistant to CuNPs. 
Notably, a recent study showed that antibiotics increased the abundance 
of Chloroflexi and Proteobacteria, suggesting that Chloroflexi and Pro-
teobacteria might be resistant to antibiotics (Wu et al., 2020). The 
variations in the abundance of Chloroflexi, Proteobacteria, ARGs, intI1 
and copA further indicated that intI1 carried multiple-resistance genes 
and spread among bacteria, resulting in the multiple resistance of bac-
teria in anammox system. 

In phase 1, Ca. Kuenenia was dominant at the genus level, with 
abundances in C1 and R1 close to 45.77% and 44.96%, respectively 
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(Fig. 4b). The abundance of Ca. Kuenenia in C1 and R1 decreased to 
18.13% and 8.94% in phase 2, and then increased to 26.15% and 
22.79% in the recovery phase (phase 3), respectively. Moreover, the 
abundance of Ca. Kuenenia in C1 and R1 were relatively lower than the 
initial values, suggesting that the inhibitory effect of CuNPs on AnAOB 
was not entirely reversible. In general, the variations in the abundance 
of Ca. Kuenenia in C1 and R1 were consistent with the change in SAA, 
and these abundances did not recover to the initial level. However, the 
abundance of Denitratisoma exhibited an increasing tendency in both C1 
and R1. Denitratisoma is a denitrifying bacterium that might have a 
complex relationship with AnAOB (Jia et al., 2016). EPS secreted by 
AnAOB can be used by denitrifying bacteria, such as Denitratisoma 
(Zhang et al., 2019). Simultaneously, the organic matter released by the 
autolysis of denitrifying bacteria may act as electron donors and exert a 
positive effect on the activity of AnAOB (Guo et al., 2016). In addition, 
CuNPs led to an increase in the abundance of Arenimonas in C1 and R1 
compared with that in the control reactors. A previous study showed 
that Arenimonas was the host of ARGs in riverine systems (Chen et al., 
2019). The abundance of Arenimonas in C1 and R1 decreased to the 
initial level in the absence of CuNPs, implying that the impacts of CuNPs 

on ARGs were driven by changes in the bacterial community. 

3.4.2. Co-occurrence of functional genes, ARGs, copA, intI1 and dominant 
bacteria 

The vector separation in the PC2 direction of C1 (Fig. 5a) and R1 
(Fig. 5b) was 52.0% and 72.2%, respectively. The bacterial community 
structure in C1 and R1 showed evident changes on days 32 and 52, and 
could not be restored to the initial level in phase 3 in either reactor. A 
significant negative correlation was found between CuNPs and Planc-
tomycetes in both reactors, which indicated that CuNPs had a significant 
inhibitory effect on Planctomycetes. However, Planctomycetes is the 
dominant nitrogen removal microorganism in the anammox system, 
thus the performance of the two reactors (C1 and R1) deteriorated due to 
the addition of CuNPs (discussed in section 3.1). Additionally, Bacter-
oidetes exhibited a positive response to CuNPs, especially in C1, as 
observed in a previous study (Zhang et al., 2018). 

To explore the potential correlation among functional genes, ARGs, 
copA, intI1 and bacteria, a correlation network analysis was performed 
at the genus level, and the results were illustrated (Fig. 5c and d). A 
previous study showed that there was almost no correlation between 
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AnAOB and other bacteria (Tang et al., 2018). Similarly, as the domi-
nant genus in the anammox system, almost no positive correlation was 
observed between Ca. Kuenenia and other genera. In C1, Subgroup_10 
had a positive correlation with norank_f__AKYG1722, and Subgroup_10 
showed a rich correlation with aadA, ereA and ermQ, which suggested 
that Subgroup_10 might be a potential host of these ARGs (Fig. 5c). 
Moreover, there was also a positive correlation among aadA, ermQ and 
norank_f__AKYG1722, indicating that aadA and ermQ might propagate 
between Subgroup_10 and norank_f__AKYG1722. However, in R1, Sub-
group_10 did not interact with ARGs. Notably, Arenimonas correlated to 
almost every other gene except aac6ib (Fig. 5d), ermB, ermQ, and hdh in 
R1 but exhibited no correlation with any gene in C1. Therefore, the gene 
hosts determined by the network analysis was only a potential host (Li 
et al., 2015), and more in-depth methods, such as metagenomic analysis, 
might be needed in future studies to verify the gene host. 

Notably, intI1 and copA was significantly correlated to most ARGs in 
C1 and R1. This correlation suggested that intI1, copA and ARGs might be 
located on the same plasmid, which corresponded to the co-selection 
mechanism of antibiotics and heavy metals mentioned above. There-
fore, AnAOB might exhibit a multiple resistance to the stress induced by 
CuNPs. Moreover, hzsA, nirS and nxrB, encoding anammox-related en-
zymes (Fan et al., 2020); were also significantly correlated with each 
other (Fig. 5d). In addition, there was also correlations between func-
tional genes and ARGs, especially in R1, which indicated that the rela-
tionship between ARGs and functional genes in anammox sludge after 
exposure to antibiotic stress was more complex. 

3.5. Mechanisms underlying the CuNP-promoted dissemination of ARGs 

The effects of CuNPs on anammox granules can be mainly divided 
into four parts: (i) release of Cu2+ from CuNPs; (ii) biosorption of EPS; 
(iii) membrane damage; and (iv) destruction of key enzymes. As shown 
in Fig. 6, Cu2+ is released from CuNPs and adsorbed by EPS because the 
electrons on the EPS surface are negatively charged (Boleij et al., 2020). 
The adsorbed CuNPs and Cu2+ will destroy the EPS structure, which 
weakens the protective function of EPS, and thus further damages the 
cell membrane structure (Zhao et al., 2019). Small amounts of Cu2+ and 

CuNPs with small particle sizes will directly enter AnAOB cells to 
stimulate the production of reactive oxygen species (ROS). Study has 
shown that high concentrations of ROS can cause oxidative damage to 
cell membranes (Zhang et al., 2018). Moreover, the Cu2+ and CuNPs in 
cells also disturb the metabolism of AnAOB by inactivating hydrazine 
dehydrogenase (HDH), which leads to the accumulation of N2H4 (Zhang 
et al., 2017). 

Additionally, heavy metals mainly drive the transfer of ARGs 
through the co-selection mechanism (Ding et al., 2019). A significant 
positive correlation has been found between the abundance of ereA, 
ereB, ermB and the residual concentration of Zn in municipal sewage 
(Gao et al., 2015). In landfill leachate treatment plant and its sur-
rounding soil and surface water, it was also found that the abundance of 
sul2 and intI1 was positively correlated with the concentrations of Zn 
and Cr (Zhang et al., 2016). Similarly, the abundances of ARGs and copA 
were positively correlated with intI1, which indicated that the anammox 
systems might be co-resistant to CuNPs and antibiotics (STM and SPM). 

3.6. Implications of this work 

The anammox granules recovered after antibiotic stress were more 
likely to be inhibited by CuNPs, which implied that the treatment effi-
ciency of anammox granules that have been used to treat antibiotic- 
containing wastewater will be affected by the mixture of metal nano-
particle wastewater. However, the horizontal transfer of ARGs and copA 
triggered by intI1 facilitated the generation of multiple resistance in the 
anammox process, which indicated that the anammox process has the 
capacity to treat wastewater containing metal nanoparticles and anti-
biotics (Lu et al., 2020). Hence, the sludge selection and process opti-
mization are effective strategies to avoid the low efficiency of biological 
treatment. 

There remain challenges to the widespread application of the 
anammox process to dispose the complex components of wastewater. On 
the one hand, actual wastewater is often more complex than synthetic 
wastewater; thus, it is necessary to study and improve the effects of 
heavy metals, antibiotics and other inhibitors on anammox systems. On 
the other hand, the complex resistance mechanisms between ARGs and 

Fig. 6. Resistance mechanism of CuNPs and antibiotics on anammox granules.  
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heavy metal resistance genes and microorganisms need to be further 
studied. Based on the above two above mentioned points, the resistance 
of the anammox system to different inhibitors can be improved by 
optimizing the microbial community structure. 

4. Conclusions 

The antibiotic-exposed anammox granules (R1) was more sensitive to 
CuNPs than that of the normal anammox sludge (C1). The variations in 
the abundance of ARGs, copA and intI1 indicated that CuNPs induced the 
co-selection of ARGs. Moreover, the microbial community analysis 
showed that Chloroflexi and Proteobacteria were resistant to CuNPs. 
This work constitutes the investigation on the response of anammox to 
CuNPs after recovery from antibiotic contamination, enriches the 
possible problems related to the application of the anammox process for 
nitrogen removal and provides guidance for the stable operation of the 
anammox process. 
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