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A B S T R A C T

Nanoparticles and antibiotics, the two most frequently detected emerging pollutants from different wastewater
sources, are eventually discharged into wastewater treatment plants. In this study, the widely used materials
CuNPs and oxytetracycline (OTC) were selected as target pollutants to investigate their joint effects on anaerobic
ammonium oxidation (anammox). The results indicated that the environmental concentration slightly inhibited
the performance of the reactors, while the performance rapidly deteriorated within a week under high-level
combined shocks (5.0 mg L−1 CuNPs and 2.0 mg L−1 OTC). After the second shock (2.5 mg L−1 CuNPs and
2.0 mg L−1 OTC), the resistance of anammox bacteria was enhanced, with an elevated relative abundance of
Candidatus Kuenenia and absolute abundance of hzsA, nirS, and hdh. Moreover, the extracellular polymeric
substance (EPS) content and specific anammox activity (SAA) showed corresponding changes. Improved sludge
resistance was observed with increasing CuNP and OTC doses, which accelerated the recovery of performance.

1. Introduction

Nitrogen, one of the most essential nutrients, promote the growth of
organisms, while nitrogen pollution has become a worldwide topic in
wastewater treatment (Liu et al., 2019). In nitrogen-rich wastewater
treatment, it is extremely important to eliminate nitrogen pollution
with high removal efficiency (Zhang et al., 2018a). The anaerobic
ammonium oxidation (anammox) is regarded as the preferred nitrogen
removal process in the absence of oxygen and organic carbon and has a
high nitrogen removal rate (Gao et al., 2014; Kartal et al., 2010); di-
rectly ammonium and nitrite can be directly transformed to nitrogen
gas (N2) in an anoxic environment (Kang et al., 2019; Zhang et al.,
2019a). However, anammox bacteria are very sensitive and vulnerable
to various inhibitors in wastewater, such as heavy metals, antibiotics
and nanoparticles (NPs) (Zhang et al., 2015a; Zhang et al., 2018c;
Zhang et al., 2018b).

Recently, antibiotics have been widely used as health safeguards in
both humans and animals, while they have also been extensively de-
tected in wastewater (Meng et al., 2019; Shi et al., 2017; Sun et al.,
2019; Yin et al., 2019). Oxytetracycline (OTC), belonging to the broad-
spectrum antibiotic tetracycline compounds, was chosen to investigate
the antibiotic selection pressure because it is the most commonly used
compound in humans and animals (Liu et al., 2016; Yan et al., 2018).
The principal sources of antibiotics in the environment include (i)

sewage (treated/untreated), (ii) hospitals, (iii) livestock farms/opera-
tions (cattle, swine, and poultry), (iv) aquaculture farms, and (v)
pharmaceutical industries. Various groups of antibiotics have been
frequently detected in the effluents of municipal wastewater treatment
plants, surface water, groundwater, and drinking water (Boy-Roura
et al., 2018; Cheng et al., 2015; Giebułtowicz et al., 2018; Hu et al.,
2018a; Mirzaei et al., 2018). Extremely high concentrations of
50 mg L−1 OTC was observed in the effluent from an OTC manufacturer
(Li et al., 2008), while the OTC concentration was estimated at
2.1 mg L−1 in livestock (swine) farms. Therefore, the anammox process
as well as functional bacteria would be largely impacted by varying
concentrations of antibiotics in wastewater treatment plants (WWTPs).
When the OTC concentration reached 2 mg L−1, a decreased anammox
bacterial activity of 80% was observed due to the reduction of heme c
content (Shi et al., 2017). Another study found that 5 ± 3.5 mg L−1

OTC could completely suppress anammox activity (Noophan et al.,
2012). The key functional genes in the anammox system, such as nirS,
hzsA, and hdh, also showed conspicuous variations in response to the
addition of OTC (Zhang et al., 2019b). In addition, OTC addition re-
tarded the growth rates of anammox bacteria (Zhang et al., 2016). On
the other hand, metal nanoparticles (MNPs) have been widely applied
in many fields due to their unique properties (Wang and Chen, 2016).
Copper nanoparticles (CuNPs) are widely utilized in smelting, rubbers,
fuel cells and power stations (Wang et al., 2015; Zhang et al., 2018b),
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which inevitably leads to their release and causes a potential risk to the
environment. Recent studies found that engineered nanomaterials that
result in estimated CuNP levels in wastewater from μg L−1 to mg L−1

might cause negative effects on the microorganisms used in wastewater
treatment systems (Ganesh et al., 2010; Musee et al., 2011). Wastewater
treatment systems, such as denitrification systems (Cheng et al., 2019)
and anammox systems (Li et al., 2019; Zhang et al., 2017a), have been
significantly impacted due to the introduction of CuNPs. In addition,
the released copper ions from CuNPs have been proven to be a vital
reason for the toxicity of NPs (Chen et al., 2012; Zhang et al., 2017a).
Both antibiotics and NPs ultimately find their way to wastewater; two
or more of these substances have been observed in nitrogen-rich was-
tewater (Michael et al., 2013). To the best of our knowledge, there are
no available data evaluating the combined effects of CuNPs and OTC on
the anammox process. The coexistence of CuNPs and OTC might lead to
accumulation and result in compound pollution in water because of the
extensive application of these materials. It is necessary to adequately
understand the joint effects of CuNPs and OTC on anammox systems.

Therefore, this study aims to adequately understand the combined
effects of CuNPs and OTC on the anammox process. First, the anammox
reactor performance under the stress of CuNPs and OTC was in-
vestigated. Second, the dynamic characteristics of extracellular micro-
bial products from three reactors in response to variations in CuNPs and
OTC were investigated. Finally, the responses of the anammox micro-
bial communities, functional genes and antibiotic resistance genes (tetC,
tetG, tetM, and tetX) were analyzed. The outcomes of this study will
provide further reference to and meaningful insight into the combined
impact of engineered NPs and antibiotics on biological wastewater
treatment.

2. Materials and methods

2.1. Experimental configuration and operation strategy

Three upflow anaerobic sludge blanket (UASB) reactors with a
working volume of 1.0 L, named C0, C1 and C2, were used to in-
vestigate the joint effects of CuNPs and OTC. The seed anammox
granules were obtained from a stably operated UASB reactors with the
high-loaded. The initial biomass of approximately 15.0 g volatile sus-
pended solids (VSS) L−1 was obtained in three reactors, which were
placed at the thermostatic (35 ± 1 °C) room with dark. The ammo-
nium, nitrite, minerals and trace elements were introduced to compose
the influent. The hydraulic retention time (HRT) was set at approxi-
mately 1.6 h, and the influent pH was controlled at 7.8. The level of
dissolved oxygen was below 0.1 mg L−1 in three reactors. The specific
addition levels and stages of CuNPs and OTC are detailed in Table 1.

2.2. Extracellular microbial products analysis

The extracellular polymeric substance (EPS) was extracted by a
heat-extraction method, and the soluble microbial products (SMP) was
obtained by membrane filtration (0.45 μm) (Zhang et al., 2019a). The
anthrone method was used to determine polysaccharide (PS) content,
and the modified Lowry method was used to determine protein (PN)
content.

2.3. Microbial community analysis

At the end of each stage, sludge samples were collected from the
three reactors and named C01-05, C11-15 and C21-25. The Power Soil
DNA kit (MoBio Laboratories, USA) was used to extract DNA according
to the instructions. After, the DNA was amplified using the universal
primer pairs 338F and 806R for 16S rRNA gene and then paired-end
sequenced (2 × 250) on an Illumina Miseq PE250 platform.

2.4. Functional genes and ARGs detection

Functional genes (nirS, hzsA, and hdh), ARGs (tetC, tetG, tetM, and
tetX) and one integrase gene (intI1) were detected through polymerase
chain reaction (PCR). The detailed reaction conditions was performed
according to a previous study (Zhang et al., 2019c). The specific primer
pairs were provided are provided in the supplementary materials.

2.5. Other analytical procedures

The standard methods were used to determine the levels of am-
monia, nitrite, nitrate, pH (APHA et al., 2005). The batch assays by the
consumption rate of ammonia, and nitrite was used to determine the
SAA (Zhang et al., 2017a). All the above assays was performed in tri-
plicate, and the results are expressed as the means ± standard de-
viations. The significance were performed by a t-test using the Statis-
tical Package for the Social Sciences (SPSS) 20.0 from USA.

3. Results and discussion

3.1. Reactors performance under the stress of CuNPs and OTC

Before the addition of CuNPs and OTC, the three reactors were
operated for one month with a constant nitrogen loading rate (NLR) of
8.40 kg N m−3 d−1. The total nitrogen removal efficiency (TNRE) and
nitrogen removal rate (NRR) were maintained at 80.0% and
7.32 kg N m−3 d−1 in the three reactors (P0). The average effluent
concentrations of ammonia and nitrite were 51.2 ± 5.6 and
11.1 ± 1.8 mg L−1, respectively (Fig. 1).

CuNPs and OTC were simultaneously introduced into C1 and C2
(P1) from Day 31 to investigate the long term joint effects (C0 was the
control reactor in P1) (Table 1). The ammonia and nitrite levels of ef-
fluent from C1 gradually rose and reached 71.0 and 41.6 mg L−1, re-
spectively, with the introduction of 0.5 mg L−1 OTC and CuNPs, which
was regarded to indicate acclimation to the simulated environmental
concentration. The TNRE and NRR gradually decreased to 70% and
6.7 kg N m−3 d−1, respectively. Levels of 1.0 mg L−1 OTC and CuNPs,
representing the potential inhibition concentration, were introduced
into C2 to acclimate the anammox sludge. The ammonia and nitrite
levels in the effluent increased appreciably to 99.1 and 71.5 mg L−1,
respectively, which were significantly higher than those in C0 and C1.
Synchronously, the TNRE and NRR gradually decreased to 60% and
6.0 kg N m−3 d−1, respectively. The results indicated the various re-
sponses of reactor performance under the different acclimation condi-
tions. Moreover, the addition of OTC and CuNPs at low levels could
disturb the reactor performance.

In P2, 5.0 mg L−1 CuNPs and 2.0 mg L−1 OTC were synchronously
added to three reactors to evaluate the resistance under the different

Table 1
Operational conditions under different phases.

Reactor Phase Time (d) CuNPS (mg L−1) OTC (mg L−1) HRT (h)

C0 1 1–37 0 0 1.92
2 38–77 0 0
3 78–87/88–125 5/0 2/0
4 126–147 2.5 2
5 148–200 0 0

C1 1 1–37 0 0
2 38–77 0.5 0.5
3 78–87/88–125 5/0 2/0
4 126–147 2.5 2
5 148–200 0 0

C2 1 1–37 0 0
2 38–77 1 1
3 78–87/88–125 5/0 2/0
4 126–147 2.5 2
5 148–200 0 0
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acclimation conditions in P1, and the combined effects of the two si-
multaneous shocks were expressed in terms of the effluent levels
(Fig. 1). The performance of the three rectors, particularly that of C2,
rapidly deteriorated, and NO2

−-N was accumulated during the shock
period of 7 d. The ammonia and nitrite concentrations increased to
203.6 and 188.3 mg L−1, respectively, in the effluent with the low level
of NO3

−-N production in C0. Correspondingly, the TNRE and NRR
significantly decreased to 28.5% and 2.76 kg N m−3 d−1, respectively.
In C1, the ammonia and nitrite levels rose to a maximum of 208.3 and
193 mg L−1, respectively, with a TNRE of 25.5% and an NRR of
2.42 kg N m−3 d−1 at the end of the shock, which was close to the
results observed for C0. The highest ammonia level of 259.0 mg L−1

and nitrite level of 219.4 mg L−1 were observed in C2 with the lowest
NRR of 1.55 kg N m−3 d−1 and a TNRE of 14.6%. This result indicated
that high concentrations of CuNPs and OTC disturbed the metabolism
of anammox bacteria. To remedy this situation, the CuNPs and OTC
were instantly removed from the influent (recovery phase). In addition,
the substrate concentration in the influent was decreased to 70 mg L−1

to prevent the potential inhibition of nitrite. The performance gradually
recovered to normal after recovery for 30, 35 and 40 d in C0, C1 and
C2, respectively, implying that the anammox biomass from C0 and C1
showed better resistance and resilience than that in C2.

From Day 126 (P3), a second shock was applied to assess the long-
term dynamic response of anammox biomass to stress from both CuNPs
and OTC; the CuNP and OTC concentrations were set to 2.5 and
2.0 mg L−1, respectively, to prevent the rapid deterioration of the re-
actors (as observed in the first shock). Better tolerance was obtained
from the anammox biomass in C0 and C1 than from that in C2 during
the 3-week shock. In C0, the NRR and TNRE were 5.1 kg N m−3 d−1

and 52.1%, respectively, with an ammonia of 136.5 mg L−1 and nitrite

of 110.0 mg L−1 in the effluent; these values were 1.2 times higher than
those in C1, which had a lower NRR of 4.2 kg N m−3 d−1 and TNRE of
42.8%. The lowest NRR and TNRE were 2.6 kg N m−3 d−1 and 27.3%,
respectively, with 206.7 mg N L−1 ammonia and 106.0 mg N L−1 ni-
trite; these values were observed in C2 and were 2.0 and 1.6 times
lower, respectively, than those in C0 and C1.

In the last phase (P4), the CuNPs and OTC were removed to recover
the performance of the reactor. After 10 d of cultivation, C0 showed the
best resilience with a nitrite level of 14.8 mg L−1 under an NLR of
6.2 kg N m−3 d−1. The worst resilience was observed from C2, with a
nitrite level of 68.4 mg L−1 under an NLR of 4.2 kg N m−3 d−1. The
anammox biomass in the three reactors was stored at 4 °C for 20 d
without being fed any influent because of the holidays. On Day 179,
three reactors were restarted; C0 and C1 rapidly recovered to the initial
level with an NRR of 7.96 kg N m−3 d−1 after 9 d and 15 d, respec-
tively. The C2 effluent levels also gradually returned to normal, with
14.2 mg L−1 nitrite and a high NRR of 7.42 kg N m−3 d−1 after 21 d.

3.2. The response of specific anammox activity to the combined shock of
CuNPs and OTC

The variation in SAA was obvious in response to the combined
shock. The initial SAAs (P0) in the three reactors were 778.7 ± 2.3,
756.0 ± 10.2 and 764.7 ± 34.1 mg TN g−1 VSS d−1, respectively
(Fig. 2). At the end of acclimatization (P1), the SAA in C0 as the control
was close to the initial level. However, the SAAs in C1 and C2 reduced
from the initial values by 17.4% and 27.3% under acclimation to the
environmental concentration and potential inhibition concentration of
CuNPs and OTC, respectively. After the first shock (P2), the SAAs of the
anammox biomass in C0, C1 and C2 immediately decreased by 79.0%,

Fig. 1. Long-term operation of the three UASB reactors. The effluent NH4
+-N L−1, NO2

−-N L−1 and NO3
−-N L−1 in C0 (a), C1 (c) and C2 (e). The nitrogen removal

rate (NRR) and the total nitrogen removal efficiency (TNRE) in C0 (b), C1 (d) and C2 (f).
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83.9% and 92.7%, respectively, compared to the initial SAA, while the
SAAs in response to the second shock (P3) reached 358.1 ± 11.3,
246.5 ± 24.2 and 105.6 ± 13.0 mg TN g−1 VSS d−1 in C0, C1 and
C2, respectively. Finally, the SAAs inhibited by CuNPs and OTC in C0,
C1 and C2 recovered to 733.9 ± 19.6, 700.5 ± 11.7 and
504.5 ± 14.2 mg TN g−1 VSS d−1, respectively (P4), in which the
anammox biomass of C0 and C1 showed superb resilience and their
SAAs were close to the initial level, while the SAA corresponding to
partial recovery in C2 was considerably lower than the initial level.

3.3. The response of extracellular microbial products to the combined shock
of CuNPs and OTC

The initial total content of EPS was similar, with an average content
of 133.8 ± 6.2 mg g−1 VSS in the three reactors. After the acclimation
phase (P1), the EPS content in C0 was close to the initial content
without Cu NPs and OTC, while the EPS content significantly increased
by 18.7% and 21.4% under the environmental concentration and

potential inhibition concentration in C1 and C2, respectively, which
was mainly attributed to the increase of protein (PN); this result sug-
gested that more PN could be secreted by microorganisms to protect
them under the long-term CuNPs and OTC exposure. When the ana-
mmox granules were exposed to CuNPs and OTC during the first shock
for one week, obvious differences occurred in the EPS contents due to
the reduction of the polysaccharide (PS) content by half, and the EPSs
could become saturated with the addition of CuNPs and OTC. In this
case, the outer-layer EPSs detached, leading to a significant decrease in
the EPS content, similar to the findings of previous studies (Zhang et al.,
2017a, 2018b). However, the PS was more easily detached due to its
loose structure. These results indicated the negative effects of CuNPs
and OTC on the EPS of anammox biomass over time. Therefore, during
the second shock for three weeks, a significant decrease in EPS was
observed in the three reactors, particularly in C2, and the decreased PN
was the main reason. Finally, the EPS content of C0 increased to
122.2 ± 2.0 mg g−1 VSS, close to the original level, while the EPS
content was 77% and 61% of the initial level in C1 and C2, respectively.

The SMP production in the three reactors showed a similar trend
during the whole operation (Fig. 3). In the first shock phase, the sig-
nificantly increased SPS contributed to the elevated SMP, which also
corresponded to the decrease in PS in the EPS. Similarly, the high
production of PN dominated the SMP content during the second shock,
indicating that the combined shock with CuNPs and OTC stimulated
SMP production. Moreover, the SMP levels showed a negative corre-
lation with the EPS contents, which could imply some kind of link
between SMP and EPS. Previous study found that 7% of the fixed
carbon was secreted as soluble microbial products (Oshiki et al., 2011).
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For the three reactors, an obviously high SMP was observed in C2,
implying a deterioration of performance in the anammox rector.
However, SMP gradually decreased and remained steady with as the
performance recovered in the three reactors.

3.4. Microbial community responses to the combined shock of CuNPs and
OTC

3.4.1. Microbial community composition and diversity
16S rRNA-based high-throughput sequencing technique was used to

detect the microbial community components after long-term exposure
to the combined shock of Cu NPs and OTC. The Chao1 and ACE indices
reduced with the addition of Cu NPs and OTC, demonstrating the de-
crease of richness in bacterial community. The Simpson index de-
creased after the first shock and increased after the second shock, in-
dicating that the bacterial community tolerated the Cu NPs and OTC
well after repeated shocks. The dominant bacteria in the phylum mainly
belonged to Planctomycetes, Proteobacteria, Chloroflexi, Bacteroidetes
and Gemmatimonadetes (Fig. 4a). During P0, Planctomycetes was the
most abundant bacteria in the three samples (C00, C01 and C02), with
relative abundances of 32.4%, 36.7% and 36.0%, respectively. After the
first shock of high concentrations of CuNPs and OTC, the relative
abundance of Planctomycetes decreased from 34.0%, 29.7% and 30.6%

(P1) to 26.8%, 23.0% and 6.2% (P2), respectively. However, the re-
lative abundance of Planctomycetes increased to 28.3% and 29.8% in
C0 and C1 with the second shock (P3), respectively, while it stabilized
at 6.2% in C2, indicating poor resistance after acclimation to the po-
tential inhibition concentration. The relative abundance of Proteo-
bacteria obviously increased with the introduction of Cu NPs and OTC;
OTC can be easily utilized by Proteobacteria as a carbon/energy source
(Duan et al., 2017). In addition, Chloroflexi showed the opposite trend
from that of Planctomycetes and has been frequently found in full- and
lab-scale anammox reactors. Chloroflexi can utilize the EPS or SMP
produced by anammox bacteria in autotrophic systems.

3.4.2. Functional species shift under CuNPs and OTC stress
The results at the genus level are shown in Fig. 4b and were clas-

sified into three groups according to their ecological function: ana-
mmox bacteria, denitrifiers, and fermentative bacteria. Candidatus
Kuenenia, an anammox bacteria, was the predominant genus in almost
all samples, accounting for 30.7%, 30.1% and 30.2% of C0, C1 and C2
in P0, respectively. During the acclimation period, the relative abun-
dance of Candidatus Kuenenia decreased to 22.8% and 25.3% in C1 and
C2 under CuNPs and OTC stress at the environmental concentration and
potential inhibition concentration, respectively, indicating that ana-
mmox activity could be restrained even at low concentrations of CuNPs
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and OTC. The relative abundance of Candidatus Kuenenia reached a
minimum in the three reactors after the first shock, implying high
toxicity to anammox bacteria under the combined impact of CuNPs and
OTC. However, the relative abundance clearly increased at the end of
the second shock in C0 and C1, while it slightly decreased in C2. These
results suggested that the anammox bacteria from C0 and C1 could
resist CuNPs and OTC stress. In addition, the relative abundance of
norank_Anaerolineaceae obviously increased after the first shock phase
and accounted for 20.1% in C0, 28.7% in C1 and 33.2% in C2. Mi-
crobial products from biomass decay and cell metabolism might be
degraded by norank_Anaerolineaceae. This genus could coexist and co-
operate with Candidatus Kuenenia to remove refractory dissolved or-
ganic matter (Hu et al., 2018b). Denitratisoma and Pseudomonas, deni-
trifying bacteria, increased with the introduction of Cu NPs and OTC
and decreased after the second shock, implying that denitrifying bac-
teria are vulnerable to exposure to a high level of CuNPs and OTC.
Cytophagaceae was significantly enriched during the second shock phase
and accounted for 4.6%, 6.7% and 20.2% in C0, C1 and C2, respec-
tively, implying excellent tolerability under the coordinated stress of
CuNPs and OTC.

3.5. Changes in the key functional genes

qPCR was used to monitor the varieties in functional genes (hzsA,
nirS and hdh) during the different phases (Fig. 5). The hzsA, nirS and hdh
genes decreased in absolute abundance with CuNPs and OTC suppres-
sion in the three reactors. hzsA showed a higher abundance in C0 than
in C1 and C2 during the whole operation, which corresponded to the
variations in Candidatus Kuenenia. nirS had similar variations to those
of hzsA in the three reactors, while hdh exhibited a different trend. With
the addition of 5.0 mg L−1 CuNPs and 2.0 mg L−1 OTC, hzsA was 5.6,
9.9, and 11.0 times lower than the initial levels in C0, C1 and C2, re-
spectively, while hdh was 5.0, 2.6, and 5.1 times lower than the initial
levels, indicating that the expression of hdh was stimulated by the ac-
climation to CuNPs and OTC. After the second shock with 2.5 mg L−1

CuNPs and 2.0 mg L−1 OTC, the absolute abundance of hzsA, nirS and
hdh significantly increased, which was consistent with the increased Ca.
Kuenenia abundance and anammox activity, and C0 showed the highest
functional gene abundance in the three reactors, implying the excellent
tolerance of anammox bacteria to stress from CuNPs and OTC.

3.6. Response of ARGs in the three reactors

tetC, tetG, tetX, tetM and intI1 were detected and assessed in the
anammox sludge system. tetX showed the highest absolute abundance
in C0, C1 and C2 (Fig. 6), while the lowest absolute abundance was
observed for tetM. The absolute abundance of tetM ranged from
1.15 × 104 to 1.01 × 106 copies ng−1 DNA in the three reactors, while
the tetG and tetX abundances in the three reactors were significantly
greater than that of tetM during the whole operation, regardless of
whether CuNPs and OTC were present (Fig. 6). In addition, the varia-
tion in intI1 could determine the proliferation potential of ARGs, and
the level of intI1 in C1 and C2 was significantly higher than that in C0
(Zhu et al., 2018). The antibiotic resistance of anammox bacteria was
enhanced under the long-term presence of OTC due to the considerable
increase in ARGs and intI1 (Li et al., 2016). Specifically, the absolute
abundance of tetX peaked in C0 after the combined shocks of
2.5 mg L−1 CuNPs and 2.0 mg L−1 OTC, which induced an amplifica-
tion in tetX by 13.7 times (p < 0.01) compared to the control sample.
tetX, a deactivation gene, can inactivate antibiotics by degrading the
antibiotics or replacing the active groups responsible for antibiotic re-
sistance (Mu et al., 2015). These results might explain why the per-
formance in C0 was better than that in C1 and C2. After long-term
recovery, tetX was maintained at relatively high levels, indicating a
higher antibiotic resistance ability. tetC and tetG code the genes for the
efflux pumps that reduce antibiotic levels by expelling antibiotics from

bacterial cells or transferring them to the peripheral cytoplasm. These
genes showed a similar trend and significantly increased with repeated
shocks, exhibiting the greatest abundance in C2. tetM has been reported
to code the ribosome protective protein gene to avoid the impact of
OTC. The absolute abundance of tetM increased because of induction by
OTC, which increased the amplification in C2. However, tetM had too
low an expression level in the anammox reactor to prevent OTC toxi-
city. Overall, C0 and C1 possessed superior performance with high-level
ARGs to that of C2, even without OTC in the reactor.

3.7. Correlation among physiological characteristics, functional genes and
ARGs

A positive correlation was observed between functional genes and
SAA in C0 (Table 2). Positive correlations between the absolute abun-
dance of functional genes and TNRE and NRR were also observed,
implying that a reduced SAA and deteriorated performance could lead
to the lower functional gene abundance of nirS, hzsA, or hdh in C0.
Notably, a strong positive correlation was found among tetM, tetX and
OTC, which indicated that the amplification of tetM and tetX was in-
duced with long-term exposure to OTC. In addition, negative correla-
tions were observed between the abundances of tetM and intI1 and SAA,
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Fig. 5. Variation in the absolute abundance of nirS, hzsA, and hdh in sludge in
the three reactors.
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NRR and TNRE (Table 2).
In C1, there were significant correlations between functional genes

(nirS, hzsA, and hdh) and between SAA, NLR, TNRE and NRR, while
negative correlations were observed between functional genes and the
OTC and CuNP concentrations (Table 3). There were strongly negative
correlations between tetX and tetM and between functional genes (nirS,
hzsA and hdh), SAA, NRR and TNRE. A negative significant correlation
existed between the abundances of tetM and tetX and SAA, TNRE and
NRR. In addition, the effluent SMP level was negatively correlated with
EPS, SAA, TNRE and NRR.

For C2, the functional genes showed a positive correlation with
SAA, TNRE and NRR, but a negative correlation with the absolute
abundance of tetC, tetM, tetG and tetX (Table 4). A strong positive
correlation was shown between tetC, tetM, tetG and tetX and OTC. tetC
and tetG had positive correlations with intI1, which could accelerate the
intercellular transfer potential of ARGs by horizontal transfer (Liu et al.,
2012). The effluent SMP level showed a similar trend to that of C1.

3.8. Implications of this work

The results implied the best resistance and resilience were observed
in unacclimated anammox granular sludge. And the reactor performed
better after the long-term acclimation of environmental levels of
0.5 mg L−1 OTC and CuNPs compared to the acclimation of 1.0 mg L−1

OTC and CuNPs, indicating that trace levels of nanoparticles and anti-
biotics may not inhibit the nitrogen removal efficiency of anammox
systems. In P1, the three reactors showed the different responses due to
the different acclimation strategies. The change of SAA was consistent
with that of reactor performance in the three reactors. However, the
EPS contents obviously increased in C1 and C2 due to the addition of
OTC and CuNPs, indicating that EPS was produced and provided an
advantage in protecting the biomass against stress by OTC and CuNPs.
Previous study found that the nanoparticles and antibiotics of low level
could cause the increase of EPS (Zhang et al., 2017a, 2019c). The
dominant bacteria (Candidatus_Kuenenia) obviously changed with the
introduction of OTC and CuNPs. The relative abundance of Candida-
tus_Kuenenia clearly decreased in C1 and C2, while maintained stable in
C0, which also corresponded to the SAA and reactor performance.
However, the change of relative abundance of Candidatus_Kuenenia was
no obvious different in C1 and C2, which mainly attributed to the
slower respond to environmental conditions. There, the gene hzsA was
detected and this gene can quickly respond to environmental condi-
tions. The results indicated that the absolute abundance of hzsA in C1
was significantly higher than that in C2, which showed the same trend
with the reactor performance and SAA. In addition, the ARGs was de-
termined to assess the effect of OTC. In C1 and C2, the absolute
abundance of ARGs obviously increased, particularly the tetc and tetm,
which indicated that the existence of OTC even at a low level could
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Fig. 6. Absolute abundance of different ARGs (tetC, tetM, tetG and tetX) and one integrase (intI1) in the three reactors after long-term exposure to CuNPs and OTC.

Table 2
Pearson correlations of various functional genes, antibiotic resistance genes and the operational parameters of the anammox performance of C0. Significant cor-
relations are reported in bold font. Asterisks indicate the level of significance as follows: *p < 0.05, **p < 0.01.

tetC tetM tetG tetX intI1 hzsA hdh nirS NLR NRR TNRE SAA EPS SMP OTC

tetM 0.578
tetG 0.764 0.584
tetX 0.457 0.624 0.902*
intI1 0.167 0.818 0.012 0.133
hzsA 0.052 −0.775 −0.225 −0.53 −0.799
hdh −0.003 −0.747 0.091 −0.09 −0.986** 0.839
nirS 0.2 −0.671 0.091 −0.199 −0.893* 0.933* 0.949*
NLR 0.958* 0.58 0.895* 0.635 0.077 −0.012 0.07 0.199
NRR 0.237 −0.654 0.045 −0.281 −0.841 0.962** 0.906* 0.990** 0.214
TNRE 0.147 −0.722 −0.041 −0.347 −0.863 0.979** 0.914* 0.986** 0.121 0.995**
SAA 0.015 −0.807 −0.183 −0.46 −0.867 0.992** 0.899* 0.960** −0.025 0.971** 0.989**
EPS −0.454 −0.584 −0.903* −0.969** −0.081 0.473 0.041 0.16 −0.666 0.228 0.293 0.411
SMP 0.377 0.866 0.697 0.837 0.574 −0.816 −0.55 −0.623 0.523 −0.651 −0.709 −0.8 −0.855
OTC −0.026 0.768 0.323 0.628 0.721 −0.990** −0.76 −0.881* 0.076 −0.921* −0.943* −0.968** −0.585 0.871
Cu NPs −0.101 0.748 0.025 0.302 0.906* −0.962** −0.948* −0.993** −0.093 −0.988** −0.995** −0.985** −0.256 0.699 0.919*
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induce the rise of ARGs. However, the performance of the anammox
reactor rapidly deteriorated with the addition of 5 mg L−1 CuNPs and
2.0 mg L−1 OTC, indicating the low nitrogen removal capability in
anammox system to treat nanoparticles and antibiotic wastewater at
industrially relevant concentrations. The resistance of anammox bac-
teria was enhanced after the second shock (2.5 mg L−1 CuNPs and
2.0 mg L−1 OTC). Previous studies have reported that NP toxicity is
mainly attributed to dissolved ions (Zhang et al., 2017b). Notably, si-
milar results were observed in our study (Zhang et al., 2017a, 2015b).
With elevated levels of CuNPs, excess Cu(II) could enter cells over time
and disrupt the cell membrane, which caused the intracellular accu-
mulation of Cu(II) (Ma et al., 2013). The Cu(II) accumulated may play a
considerable role in the toxic effects of CuNPs. A previous study re-
ported that OTC could induce lysis of bacteria, inhibiting anammox
performance (Yang et al., 2013). Adsorption might play a considerable
role in antibiotic migration in anammox granular sludge systems
(Cheng et al., 2019; Oberoi et al., 2019), which mainly attributed to the
multilayered structure of microbial aggregates. Extracellular polymeric
substances (EPS) secreted by microbial cells are the key component
responsible for adsorption of antibiotics onto biological sludge. In ad-
dition, PS was first released to respond to the first shock, while the PN
content reduced in response to the second shock in this study. More-
over, functional genes might be useful and dynamic metrics for asses-
sing ecological processes mediated by microbial groups (Zhi and Ji,
2014). The variations in nirS, hzsA, and hdh corresponded to the var-
iations in SAA and Candidatus Kuenenia in our study (Tables 2–4 and
Fig. 4). Here, the decreased of functional genes may be linked to the

persistent toxicity of CuNPs and OTC. The same results were observed
by Zhang et al. (2019b, 2018b). Notably, ARGs accumulated under the
stress of OTC in the anammox system (Tables 2–4). The tolerance me-
chanisms of microorganisms to antibiotics have been reported
(Alekshun and Levy, 2007; Yang et al., 2018). Antibiotics are dis-
charged from the cell by specific or universal antibiotic efflux pumps,
reducing the intracellular antibiotic concentration and exhibiting re-
sistance, which is regarded as a self-protection mechanism, but this
process cannot decrease the antibiotic level in the system. The negative
correlation between tetC, tetM, tetG and tetX and SAA, NRR and TNRE
could be explained. The mechanisms of OTC efflux and ribosome pro-
tection are still not understood in depth, and further work is needed to
quantitatively elucidate these mechanisms by investigating ARG ex-
pression and OTC degradation.

4. Conclusions

Excellent nitrogen removal capacity was observed during the long-
term adaptation in environmentally relevant concentrations
(0.5 mg L−1 CuNPs and OTC), whereas sharply deterioration in ana-
mmox performance was found under the combined shocks of
5.0 mg L−1 CuNPs and 2.0 mg L−1 OTC. However, the tolerant ana-
mmox performance increased, as revealed by the responses of SAA and
EPS and the abundance of functional genes and dominant anammox
bacteria after the second shock with 2.5 mg L−1 CuNPs and 2.0 mg L−1

OTC. The elevated ARGs (tetC, tetG, tetM, tetX) and intI1 genes enhanced
the resistance of the anammox sludge to OTC.

Table 3
Pearson correlations of various functional genes, antibiotic resistance genes and the operational parameters of the anammox performance of C1. Significant cor-
relations are reported in bold font. Asterisks indicate the level of significance as follows: *p < 0.05, **p < 0.01.

tetC tetM tetG tetX intI1 hzsA hdh nirS NLR NRR TNRE SAA EPS SMP OTC

tetM −0.07
tetG 0.923* −0.188
tetX 0.744 0.221 0.435
intI1 0.951* −0.084 0.992** 0.515
hzsA −0.275 −0.483 0.038 −0.66 −0.068
hdh −0.289 −0.843 −0.036 −0.631 −0.159 0.848
nirS −0.352 −0.703 −0.126 −0.582 −0.24 0.916* 0.948*
NLR 0.821 −0.129 0.973** 0.253 0.956* 0.174 0.021 −0.062
NRR −0.069 −0.48 0.256 −0.556 0.153 0.975** 0.797 0.844 0.388
TNRE −0.204 −0.478 0.113 −0.623 0.008 0.997** 0.831 0.895* 0.249 0.989**
SAA −0.271 −0.484 0.059 −0.693 −0.049 0.997** 0.85 0.898* 0.203 0.978** 0.996**
EPS −0.893* 0.347 −0.789 −0.669 −0.8 0.375 0.142 0.31 −0.64 0.206 0.322 0.363
SMP 0.783 0.035 0.492 0.959* 0.558 −0.697 −0.535 −0.574 0.292 −0.583 −0.66 −0.717 −0.822
OTC 0.289 0.477 −0.071 0.77 0.038 −0.968** −0.843 −0.845 −0.232 −0.956* −0.968** −0.985** −0.351 0.762
Cu NPs 0.086 0.442 −0.198 0.477 −0.101 −0.973** −0.767 −0.867 −0.314 −0.982** −0.983** −0.961** −0.254 0.544 0.908*

Table 4
Pearson correlations of various functional genes, antibiotic resistance genes and the operational parameters of the anammox performance of C2. Significant cor-
relations are reported in bold font. Asterisks indicate the level of significance as follows: *p < 0.05, **p < 0.

tetC tetM tetG tetX intI1 hzsA hdh nirS NLR NRR TNRE SAA EPS SMP OTC

tetM −0.03
tetG 0.705 −0.104
tetX 0.624 0.481 0.755
intI1 0.341 −0.31 0.58 0.041
hzsA −0.659 −0.505 −0.787 −0.983** −0.189
hdh −0.514 −0.752 −0.564 −0.914* −0.07 0.946*
nirS −0.736 −0.443 −0.826 −0.944* −0.323 0.986** 0.922*
NLR 0.507 −0.121 0.758 0.336 0.954* −0.475 −0.353 −0.591
NRR −0.761 −0.327 −0.745 −0.959** 0.026 0.922* 0.811 0.893* −0.257
TNRE −0.789 −0.286 −0.783 −0.955* −0.035 0.925* 0.8 0.905* −0.313 0.998**
SAA −0.693 −0.276 −0.903* −0.963** −0.268 0.966** 0.832 0.957* −0.534 0.930* 0.943*
EPS −0.345 0.529 −0.828 −0.301 −0.726 0.335 0.062 0.389 −0.75 0.28 0.333 0.536
SMP 0.272 −0.071 0.858 0.68 0.374 −0.663 −0.457 −0.634 0.534 −0.589 −0.612 −0.797 −0.82
OTC 0.44 0.557 0.654 0.975** −0.093 −0.938* −0.897* −0.866 0.202 −0.901* −0.886* −0.907* −0.225 0.69
Cu NPs 0.749 0.397 0.659 0.943* −0.117 −0.901* −0.822 −0.867 0.17 −0.992** −0.983** −0.884* −0.157 0.491 0.889*
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