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The individual and combined impacts of copper ion (Cu2+) and oxytetracycline (OTC) on anaerobic ammonium
oxidation (anammox) performance and its self-recovery process were examined. Experimental results showed
that the anammox performance and activity of anammox bacteria were inhibited by 1.0 mg L−1 OTC, Cu2+ and
OTC + Cu2+, and both single and combined inhibitions were reversible. The abundance of functional genes and
parts of antibiotic resistance genes (ARGs) were positively related to the dominant bacterium Ca. Kuenenia,
implying that the recovery of the performance was associated with the progressive induction of potentially
resistant species after inhibition. The above outcomes illustrated that anammox bacteria were stressed by metals
and antibiotics, but they still could remove nitrogen at a rate higher than 20.6 ± 0.8 kg N m−3 d−1, providing
guidance for engineering applications of anammox processes.

1. Introduction
The arrival of anaerobic ammonium oxidation (anammox) process
started a new chapter of biological nitrogen removal because this pro
cess significantly reduces the costs by no add aeration and external
organic carbon (Kartal et al., 2011; Zhang et al., 2019a). Thus, ana
mmox has become a research topic in the field of high nitrogen was
tewater (Yang et al., 2020). Anammox bacteria (AnAOB) have the

greatest influence on anammox performance; AnAOB could utilize
ammonium and nitrite to produce nitrogen gas (N2) under anoxic
conditions (Kartal et al., 2011; Zhang et al., 2019b). However, ana
mmox performance is not always stable because AnAOB are limited by
low growth rate and environmental factors such as temperature, heavy
metal, nanomaterial, and antibiotic (Li et al., 2019; Zhang et al.,
2019c). For instance, heavy metals like Cu2+, Zn2+, Cr6+, and anti
biotics such as oxytetracycline (OTC) and sulfamethoxazole inhibit
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anammox performance (Fu et al., 2021; Jin et al., 2012; Zhang et al.,
2019c, 2019d).
Recently, due to the massive utilization of antibiotics as health
safeguards and growth promoters in animals and humans, many kinds
of antibiotics have inevitably entered wastewater (Yan et al., 2018;
Zhang et al., 2018a, 2019c). OTC as a broad-spectrum tetracycline
antibiotic and antibiotic selection pressure is frequently found in swine
wastewater (Oberoi et al., 2019). In trace amounts, Cu2+ is essential to
animal growth since it is normally used as a heavy metal feed additive
in livestock breeding (Wang et al., 2018). Cu2+ and OTC have been
suggested to be present alone or together and can inhibit microbial
metabolism, resulting in changes in performance and microbial com
munity of biological wastewater treatment systems (Cheng et al., 2020;
Xing and Jin, 2018; Zhang et al., 2020). However, information on in
dividual and combined effects of Cu2+ and OTC on the evolution of
microbial community and response of functional genes and antibiotic
resistance genes (ARGs) in the anammox process during stress and re
covery is limited.
Therefore, this investigation aims to analyze the evolution of the
microbial community and ARGs in the anammox process when im
pacted by individual and combined OTC and Cu2+ stresses. First, the
anammox performance after shock by long-term Cu2+ and OTC was
assessed. Second, the microbial community evolution in the presence of
Cu2+ and OTC was estimated. Third, the functional genes and ARGs
induced by Cu2+ and OTC were evaluated. The findings of the present
investigation will educe new insights into the inhibition of AnAOB by
Cu2+ and OTC.

2.3. Detection and representation of ARGs
Sixteen tetracycline resistance genes (OTC-ARGs) (tetA, tetB, tetC,
tetE, tetG, tetJ, tetK, tetL, tetZ, tetM, tetO, tetQ, tetS, tetT, tetW and tetX),
one OTC proper gene (Otr(A)), one integrase (intI1) gene and two metal
resistance genes (MGEs) (czcA and copA) were quantified by PCR. The
PCR primers and thermal program information are provided in the
Supplementary material. Finally, the tetC, tetG, tetM, tetX, copA, and
intI1 genes were amplified with three technical replicates due to high
specificity.
2.4. Analytical methods
The influent and effluent NH4+-N, NO2−-N, and NO3−-N levels
were determined according to standard methods (APHA, 2005). The
determination of SAA was performed as described in a previous study
(Zhang et al., 2014). The absolute abundance of functional genes and
ARGs were calculated as the ration of the mRNA gene copies and ARGs
respectively within the mass of sludge samples. The log-transformation
of functional genes and ARGs copy numbers of the anammox metabolic
process were normalized before additional analysis. The relationship
between environmental variables, functional genes, and ARGs in the
samples from the various phase of each reactor was assessed by Pear
son’s correlation analysis. The statistically significant differences
(p < 0.05) were fulfilled by one-way ANOVA. The redundancy ana
lysis (RDA) was performed to analyze the community composition with
environmental variables, functional genes and ARGs, MGE, and intI1 by
CANOCO 4.5 software.

2. Materials and methods

3. Results and discussion

2.1. Reactor configuration and operation strategy

3.1. Nitrogen removal performance stressed by Cu2+ and OTC

Four laboratory-scale up-flow anaerobic sludge blanket (UASB) re
actors named R0, R1, R2, and R3 were utilized as the control, OTC ad
dition, Cu2+ addition, and combined Cu2+ and OTC addition reactors,
respectively. The subjected reactors covered with black cloth were
placed in a thermostatic room at 35 ± 1 °C. They have the same ef
fective volume of 0.5 L and an internal diameter of 50 mm (Zhang et al.,
2019a). The inoculated sludge was harvested from a laboratory-scale
UASB reactor with a specific anammox activity (SAA) of
30.6 ± 5.6 mg TN g−1 VSS h−1 and volatile suspended solids (VSS) of
2.3 ± 0.6 g L−1. The initially inoculated sludge of each reactor was 0.5
L and sludge concentration of approximately 1.6 g VSS L−1. Synthetic
wastewater composed of equimolar ammonium and nitrite at 560 mg
total nitrogen L−1 was pumped into reactors (Zhang et al., 2019b). The
influent pH was approximately 7.8 ± 0.1, and the hydraulic retention
time (HRT) was maintained at 0.6 h. The levels of added Cu2+ and OTC
are listed in the Supplementary material.

The nitrogen removal performance of the anammox systems was
shown in Fig. 1. The favourable anammox performance was achieved in
each reactor with effluent NH4+-N, NO2−-N, and NO3−-N concentra
tions that were not significantly different (p > 0.05) after mature
anammox sludge was seeded in the initial period (P0) without any extra
disturbance. Accordingly, the total nitrogen removal efficiency (TNRE)
and total nitrogen removal rate (NRR) of all reactors remained above
87.0% and higher than 19.9 kg N m−3 d−1, respectively, with the ni
trogen loading rate (NLR) stayed at the level of 22.2 kg N m−3 d−1
(Fig. 1). At the same time, the suitable habitat for the anammox con
sortium was established, and then excellent nitrogen removal perfor
mance was obtained (Zhang et al., 2019b).
In period P1, the effluent NH4+-N, NO2−-N, and NO3−-N con
centrations in each reactor was not significantly different (p > 0.05) at
the level of 0.1 mg L−1 OTC, Cu2+, and OTC + Cu2+ were added into
reactors for 34 days, respectively. At the same time, the NRR and TNRE
increased and were maintained at over 20.7 kg N m−3 d−1 and 90.3%,
respectively. These results showed that the anammox performance
partly increased corresponding to the P0 phase.
In period P2, the effluent NO2−-N concentrations among the four
reactors were significantly different (p > 0.05) (Fig. 1) at 0.5 mg L−1
OTC, Cu2+, and OTC + Cu2+ were introduced into each reactor. At the
end of P2, the effluent nitrogen level fluctuated, and the NRR and TNRE
sharply decreased in the order of R2 < R1 < R3 (Fig. 1). Thus, the
anammox performance of the above reactors collapsed. Meanwhile, the
performance of the control reactor R0 increased with NRR and TNRE
levels of 21.2 ± 0.93 kg N m−3 d−1 and 92.8 ± 3.8%, respectively.
The results revealed that the responses of the reactors under the various
stress conditions were different. Moreover, the sensitivity of the ana
mmox performance to OTC + Cu2+ was higher than that of OTC, and
the lowest sensitivity was to Cu2+ at 0.5 mg L−1. Researchers showed
that metal ions could combine with antibiotics to form antibiotic-metal

2.2. Sample collection and quantification of functional genes
Mixed sludge was obtained from R0, R1, R2, and R3 at the end of each
stage and then stored at −80 °C for analysis of community succession
and functional genes abundance. The specific V3-V4 region of all bac
terial 16S rRNA genes and genomic DNA of the sludge samples were
amplified to analyze the community succession. The specific details of
the analysis of community contained DAN extraction were supplied in
the Supplementary material. To quantify functional genes, RNA ex
traction was performed first by cDNA synthesis and then reverse tran
scription (RT) quantification polymerase chain reaction (RT-qPCR). The
detailed method for the above operation was supplied in the
Supplementary material. The PCR conditions, primers, and thermal
program information are provided in the Supplementary material.
2
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Fig. 1. Real-time monitoring the performance of each reactor during different experiment phase. R0 as the control reactor; R1 exposure to oxytetracycline; R2
exposure to Cu2+; R3 exposure to both Cu2+ and oxytetracycline.

During the P0 to P1 phase, the influent and effluent Cu2+ concentrations
were lower than the detection limit. In the P2 phase, as 0.5 mg L−1
Cu2+ was introduced into reactors R2 and R3, nearly 0.04 ± 0.01 mg
L−1 Cu2+ was detained into the AnAOB sludge according to the Cu2+
conservation of matter (Table 1). Correspondingly, as the influent Cu2+
level increased from 1.0 to 2.0 mg L−1 in reactors R2 and R3, the re
tention of Cu2+ was 0.11 ± 0.01 and 0.51 ± 0.10 mg L−1 in R2 and
0.21 ± 0.18 and 0.60 ± 0.16 mg L−1 in R3, respectively. At the same
time, the variation of the Cu2+ level in the R2 and R3 reactors has no
obvious discrepancy (p > 0.05). In the last period without any Cu2+
stresses, the effluent Cu2+ levels in the two reactors were still
0.29 ± 0.06 and 0.28 ± 0.08 mg L−1, respectively (Table 1).
Therefore, according to the anammox performance, as 0.5 mg L−1 Cu2+
was added into R2, the performance fluctuated and deteriorated in the
presence of 1.0 mg L−1 Cu2+ (Fig. 1). Meanwhile, the retention level of
Cu2+ was higher than 0.11 ± 0.01 mg L−1 in R2 and resulted in the
accumulated inhibition of AnAOB; thus, the performance decreased.
However, after the adaptation of AnAOB to Cu2+, the retention of Cu2+
boosted to 0.51 ± 0.10 mg L−1 in R2, and the performance became
stable. During the recovery period, the Cu2+ accumulated in the reactor
was washed out. At the same time, in R3 with the combined stress of
Cu2+ and OTC, the change in Cu2+ was disparate from that of R2. With
the increase in the retention of Cu2+ from 0.16 to 0.60 mg L−1, the
performance in R3 was disturbed and became stable (Fig. 1). With the
combined stress of Cu2+ and OTC, the retention level of Cu2+ in R3 was
higher than 0.16 ± 0.16 mg L−1, resulting in the accumulated in
hibition of AnAOB; thus, the performance decreased at the influent
Cu2+ level of 1.0 mg L−1. The combination of Cu2+ with OTC may
retard the impact of Cu2+ on AnAOB and anammox performance.
Our previous investigation suggested that Cu2+ combined with OTC
has an antagonistic effect on anammox biomass. In other words, the
combined effect of Cu2+ and OTC resulted in lower impacts compared
to the individual effect of Cu2+ or OTC due to the formation of Cu-OTC
complexes (Yang and Jin, 2012; Zhang et al., 2012). Under nearly
neutral conditions, OTC probably binds Cu2+ from i) the oxygen atom
of enol form hydroxyl group at site 3 and nitrogen atom of the di
methylamino group, ii) the carbonyl group at site 11 and the oxygen
atoms at site 12 of the hydroxyl group and, or iii) the oxygen atoms at

complexes, which have less toxicity to bacteria than them alone (Zhang
et al., 2012, 2020).
Furthermore, unstable operation performance and obvious accumula
tion of NO2−-N were observed at the level of 1.0 mg L−1 OTC, Cu2+, and
OTC + Cu2+ pumped into reactors after 132 days operation at part of
period P3 (Fig. 1). Correspondingly, the performance in R0 was stably
maintained at NRR and TNRE levels of 21.4 ± 1.1 kg N m−3 d−1 and
93.0 ± 4.0%, respectively. However, the NRR in R1, R2 and R3 dropped
sharply to 19.7 ± 1.1, 19.5 ± 1.1 and 17.8 ± 0.9 kg·m−3·d−1, re
spectively. Thus, the anammox performance was inhibited by 1.0 mg L−1
OTC, Cu2+, and OTC + Cu2+. Meanwhile, the resistance of the anammox
performance to Cu2+ was higher than the same level of OTC and
OTC + Cu2+ in the short-term restraint conditions.
In period P4, the NRR of R1, R2, and R3 sharply increased to
20.1 ± 0.5, 19.8 ± 1.0, and 19.0 ± 1.0 kg N m−3 d−1, respectively.
Meanwhile, the TNRE also presented the same increasing tendency with
levels of 88 ± 3, 87 ± 4, and 83 ± 4%, respectively. Furthermore,
in the last period, reactors R1, R2, and R3 started to recover without any
stress for 40 days. The anammox performance of each reactor gradually
stabilized. Additionally, the NRR of R1, R2, and R3 sharply increased to
20.5 ± 0.5, 20.6 ± 0.8, and 20.4 ± 0.8 kg N m−3 d−1, respectively.
3.2. Influence of Cu2+ and OTC on anammox performance and sludge
The level of Cu2+ in the anammox performance is shown in Table 1.
Table 1
The influent and effluent Cu2+concentrations (mg L−1) in reactors R2 and R3.
Phase

P0
P1
P2
P3
P4
P5

R2

R3

Cu2+
inf

Cu2+
eff

Cu2+
inf

Cu2+
eff

0
0
0.48 ± 0.10
0.89 ± 0.16
1.50 ± 0.02
0

0
0
0.44
0.78
0.99
0.29

0
0
0.49 ± 0.06
0.91 ± 0.13
1.52 ± 0.01
0

0
0
0.33
0.70
0.92
0.28

±
±
±
±

0.09
0.26
0.26
0.06

±
±
±
±

0.08
0.31
0.27
0.08

3
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0.24 times in the P0 phase when stressed by 0.1 mg L−1 Cu2+.
However, the SAA in the P2 to P5 phases was increased by 0.71, 0.86,
1.18, and 1.42 times compared to that in the P0 phase, illustrated that
anammox bacteria could resist 0.1 to 2.0 mg L−1 Cu2+. For R3, the SAA
decreased by 0.74 times in the P0 phase at the level of 0.1 mg L−1
Cu2+ + OTC. From the P2 to the P4 phases, the SAA increased to 0.71,
1.17, and 1.27 times that in the P0 phase, respectively. Meanwhile, the
SAA increased 1.33 times the value in the P0 phase, indicating that the
resistance of the anammox aggregation to Cu2+ was higher than that to
OTC and Cu2+ + OTC. At the same time, the tolerance of the anammox
bacteria was increased most under the stress of Cu2+ + OTC followed
by OTC and Cu2+.
Additionally, the Food/Microorganism ratio (F/M) was used to es
timate the stability of the reactor performance and the nitrogen re
moval capacity of microorganisms (Zhang et al., 2018b). The sig
nificance of the (F/M)/SAA ratio is that the percentage of operating
loads in the capacity of nitrogen removal along the anammox process
was answered (Xu et al., 2019). The (F/M)/SAA ratio was lower than a
load line of 66 ± 7%, suggesting that the anammox performance was
stable (Zhang et al., 2018b). The value of (F/M)/SAA in R0 was less
than 25 ± 7%, indicating that the anammox reactor remained at a
stable condition over the whole period (Table 3). The (F/M)/SAA ratio
in R1, R2, and R3 had the same tendency of first increasing and then
decreasing, suggesting that the above performance fluctuated (Fig. 1).
As illustrated in Table 3, the (F/M)/SAA was higher than the limit of
detection in R1 and R2 in the addition of 0.5 mg L−1 OTC and Cu2+,
respectively, indicating that the instability performance was produced
by this level of OTC and Cu2+. The above result was the same as the
anammox performance (Fig. 1). However, the (F/M)/SAA ratio in R3
was lower than 66 ± 7% at the same concentration of Cu2+ + OTC,
suggesting that the impacts of Cu2+ + OTC on the performance were
lower than those of single stress, which was the same as the anammox
performance shown in Fig. 1. As the OTC, Cu2+, and Cu2+ + OTC
levels promoted from 1.0 to 2.0 mg L−1, the (F/M)/SAA ratios of R1 and
R2, but not R3, were under the limit of detection. The anammox per
formance became stable after the anammox sludge began to resist and
tolerate OTC and Cu2+. However, the (F/M)/SAA ratio was higher than
the load line in R3 with 2.0 mg L−1 Cu2+ + OTC; thus, the performance
was unstable. In the recovery period without any stress, the (F/M)/SAA
ratio was reduced to the initial level, indicating that the suppressed
performance could be recovered.

Table 2
The OTC and Cu2+ concentrations (mg g−1-VSS) in anammox sludge of reactors
R1, R2 and R3.
Stage

P0
P1
P2
P3
P4
P5

Cu2+

OTC

R2

R3

0
0
0.03 ± 0.01
0.12 ± 0.06
0.25 ± 0.02
0

0
0.13
0.19
0.25
0.31
0

±
±
±
±

0.01
0.06
0.10
0.01

R1

R3

0
0
0
0.42 ± 0.08
2.75 ± 0.06
0.21 ± 0.02

0
0
0
0.22 ± 0.03
1.85 ± 0.02
0.11 ± 0.01

site 10 of the hydroxyl group and the carbonyl group at site 11, and
thus at least of five species formed (Zhang et al., 2012; Zhao et al.,
2013). The synthetic wastewater in the present investigation has nearly
neutral conditions, so the OTC could bind Cu2+ to reduce the toxicity to
anammox consortium (Cheng et al., 2020). In other words, the forma
tion of Cu-OTC complexes adsorbed on the surface of anammox sludge
by electrostatic attractions correspondingly decreased the biological
availability of Cu2+ and OTC (Wang et al., 2018; Zhang et al., 2020).
As listed in Table 2, the Cu2+ level in the anammox sludge of R3 was
higher than that of R2 over all the phases. This may be because OTC has
electron-donor groups that can form complexes with Cu2+ (Gu et al.,
2007) in the influent of R3, increasing the adsorption capacity of Cu2+.
Meanwhile, the OTC concentration in the anammox sludge of R3 was
lower than that of R1 over all the phases. Under the lower OTC stress
period (P1 to P2), OTC did not exist in the anammox sludge. At the
higher level of the OTC inhibition period, such as the P3 and P4 phases,
higher OTC accumulation in the anammox sludge was observed as the
stressed OTC concentration increased (Table 2).
The more adsorption sites for zwitterionic species was provided by
anammox sludge domesticated by activated sludge (Xu and Li, 2010). In
addition, under the action of microbial enzymes, OTC could react to
electron transfer and structural rearrangement by functional groups,
like amino, keto, hydroxyl, and double bonds (Ding et al., 2018; Wang
et al., 2019). Meanwhile, OTC could be combined with Cu2+ into CuOTC complexes, thus reducing the accumulation of OTC in the ana
mmox sludge.
3.3. Stability of anammox performance inhibited by Cu2+ and OTC

3.4. Succession of microbial communities under the intimidation of Cu2+
and OTC

The SAA of the anammox granules in R0, R1, R2, and R3 was
58.9 ± 10.2, 56.4 ± 8.9, 62.8 ± 3.4 and 59.9 ± 5.8 NO2−-N g−1
VSS h−1, respectively, after the P0 phase. The SAA in R0 increased as
the anammox performance was stabilized. However, the SAA in R1, R2,
and R3 was different from that in R0. The variation of SAA was disparate
with different levels of OTC, Cu2+, and Cu2+ + OTC stress. For R1, the
SAA was lower in the P0 phase by 0.42 and 0.25 times as the OTC level
increased from 0.1 to 0.5 mg L−1, respectively. The greatest inhibition
of SAA was found at 0.5 mg L−1 OTC, and later, the SAA rose to 1.41
and 1.35 times that in the P0 phase and then was reduced to the value
observed in the P0 phase, indicating that the tolerance of the anammox
consortium to OTC progressively improved after further domestication
of the lower OTC stress. For R2, the SAA was significantly decreased by

The succession of microbial communities of the sludge samples
obtained from the above reactors, including bacterial richness, di
versity, and composition was analyzed by Illumina sequencing during
the various operation phases provided in the Supplementary material.
According to the anammox performance, the anammox sludges from
the initial (P0), inhibition (P3 and P4), and recovery (P5) periods were
selected to analyze the succession of microbial communities. The ex
perimental results showed that the variation in bacterial diversity and
richness indexes in R0 was not obvious throughout the whole period
(p > 0.05). The Chao1 and ACE indexes increased in the presence of

Table 3
The (F/M)/SAA ratios in various reactors.
Reactor

Stage

Limited level

P0
R0
R1
R2
R3

17
17
22
22

P1
±
±
±
±

1%
3%
2%
5%

12
27
34
24

±
±
±
±

3%
2%
5%
7%

P2

P3

18 ± 4%
156 ± 9%
74 ± 8%
49 ± 9%

18
33
43
34

4

±
±
±
±

5%
2%
1%
2%

P4

P5

20 ± 2%
42 ± 4%
48 ± 6%
133 ± 4%

17
37
20
24

±
±
±
±

7%
5%
1%
2%

66 ± 7%
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Fig. 2. System microbial community taxonomic compositions at the phylum level of the four reactors. Relative abundance was defined as the number of OTUs
assigned to that taxon divided by the total number of OTUs per sample.

OTC, Cu2+, and Cu2+ + OTC except for the recovery phase R3, de
monstrating the richness in the bacterial community increased. At the
same time, the Simpson and Shannon indexes increased over the stress
and recovery periods, suggesting that the anammox aggregation re
sisted OTC, Cu2+, and Cu2+ + OTC.
Generally, complex ecological niches were contained in the ana
mmox sludge, including numbers of AnAOB, fermentative bacteria, and
heterotrophic denitrifiers in the above reactors (Fan et al., 2019). The
above microorganisms cooperate to fulfill the nitrogen removal process
(Gonzalez-Gil et al., 2014). The dynamic succession of the bacterial
community subjected to different inhibition was analyzed by highthroughput sequencing to determine the mutual relationships of the
above critical consortium. The taxonomic compositions of the microbial
community at the phylum and genus level of the four reactors are il
lustrated in Figs. 2 and 3, respectively. The phyla of Planctomycetes,
Proteobacteria, and Chloroflexi were in the high placing of all reactors,
approximately with an overall relative abundance of higher than 76%
in the initial period. The top three most abundant phyla remained
nearly stable in R0 over the whole period (p > 0.05). Under stress by
OTC, Cu2+, and Cu2+ + OTC, the leading phyla Planctomycetes and
Proteobacteria experienced a variation of first decreasing and then in
creasing (Fig. 2). The change in the above dominant phyla was similar
to the variation in NRR, which may be due to bacteria possessed the
nitrogen removal ability was contained the above phylum (Xiu et al.,
2018). Meanwhile, the abundance of Chloroflexi first increased with
OTC, Cu2+, and Cu2+ + OTC and then decreased to near the initial
level under no suppression.
The AnAOB are phylogenetically clustered with a monophyletic
group within Brocadiales in the phylum Planctomycetes (Naufal and Wu,
2020). The variation in AnAOB at the genus level and the relative
abundances of these bacteria as the key part of the anammox sludge
under different inhibitors is illustrated in Fig. 3. In the initial period, the
relative abundance of Ca. Kuenenia over four reactors was above 43%
(Fig. 3). Additionally, the relative abundance of Ca. Kuenenia was
maintained in the range of 41%-47% over the whole period. With the
introduction of OTC, Cu2+, and Cu2+ + OTC into a single reactor, the
relative abundance of Ca. Kuenenia decreased from 40%, 41% and 44%
to 23%, 25% and 23% and increased to the levels of 36%, 37% and
35%, respectively. The change in key genera in the anammox sludge
was the same as the variation in the NRR and dominant bacteria.
Therefore, the drop in the abundance of AnAOB and the resistance of
functional bacteria might contribute to the fluctuations of the anammox
performance.
Unlike the effects on the relative abundance of Ca. Kuenenia, pro
moting the concentration of inhibitors caused a different response to
change in the abundance of AnAOB (AMX). The change in AMX in Ro
was the same as that in Ca. Kuenenia. The tendencies of AMX to first

decrease and then increase in R1 and R3 were comparable, which is
different from the tendency in R2. The disparate response of AMX to
OTC, Cu2+, and Cu2+ + OTC stress and recovery illustrated that the
sensitivity and resistance of AnAOB to the above inhibitors were dif
ferent.
3.5. Variation in the abundances of functional genes and ARGs
The response of the key functional genes (hzsA, hdh, and nirS) to
OTC, Cu2+, and Cu2+ + OTC stress and recovery phases was mon
itored by RT-qPCR (Fig. 3). According to the central metabolic process
of anammox, the critical catalytic metabolizing proteins including,
hydrazine synthase, hydrazine dehydrogenase, and nitrite reductase
were reduced by hzsA, hdh, and nirS, respectively (Zhang et al., 2019a).
The various change trend of these functional genes war observed, and
the abundances of nirS in the four reactors were significantly different
(p < 0.05) from each other compared to those of hzsA and hdh in the
various periods. During the whole period, the abundance of nirS in Ro
was maintained in the range of 1.30 × 107 to 3.89 × 107 copies g−1
sludge. Under the inhibition of OTC, Cu2+, and Cu2+ + OTC, hzsA first
decreased and then increased, which had similar variations as nirS in
the three reactors, while hdh show disparate variation tendency. In the
recovery period, the functional genes remained at the initial level.
Additionally, the abundance of AMX-16S rRNA in the four reactors first
decreased and then increased, and the abundances were disparate with
each other (Fig. 3) (p < 0.05), which was consistent with the tendency
of abundance and activity of Ca. Kuenenia, suggesting that the ana
mmox performance could be resume after OTC, Cu2+, and Cu2+ + OTC
duress.
The transcriptional level of functional genes is utilized as a biomarker to
show the utilization capacity of a critical consortium to a substrate (Park
et al., 2010). Therefore, the NRR and TNRE were used as the parameters of
nitrogen removal ability and were linearly fitted with the functional genes.
It was notable that TNRE and NRR in Ro had a significant dependency on
hzsA, hdh, and AMX. TNRE = 90.225 LnhzsA-315.98 (R2 = 0.9999),
TNRE = −0.3517Lnhdh2 + 63.268Lnhdh-2837.6 (R2 = 0.869) and
TNRE = −0.1443LnAMX2 + 26.115LnAMX-11603 (R2 = 0.9759).
NRR = 2.9596LnnirS2 − 123.45 LnnirS + 1290.6 (R2 = 0.9097),
NRR = −0.113 LnhzsA2 + 4.75 LnhzsA − 45.367 (R2 = 0.8224). How
ever, the relationship of NRR and TNRE with the functional genes in other
stressed reactors did not correlate, implying that the inhibitors contained in
the influent change the nitrogen removal metabolism of anammox.
The selection of antibiotic resistance may be induced by antibiotic
residues or co-selecting agents, like heavy metals, or the existence of
the above one (Song et al., 2017). In order to understand whether
metal, antibiotic or the combination of both contributed to the devel
opment and transfer of antibiotic resistance in anammox sludge, the
5
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Fig. 3. Quantification of functional genes including nirS, hzsA and hdh, amx, 16S rRNA and relative abundance of genus level of Ca. Kuenenia in the subjected
reactors to diverse antibiotic concentrations and addition modes.

Cu2+, indicating that the metal as an alternative selection pressure for
ARGs amplification should not be ignored (Xu et al., 2017). The tetM
was induced by ribosome protective protein, which had no impact on
OTC inhibition. The absolute abundance of tetM increased due to OTC
pressure, which increased the amplification in R1. The disparate var
iation tendency was observed for ribosomal protection genes (tetM) and
enzymatic modification genes (tetX). The fluctuated trend was obtained
for the abundance of tetM gene, while, the tetX gene shown different
tendencies with first promoting and then drop. The final relative
abundance of tetX in the four reactors ultimately exceeded that in the
control. Overall, R1 exhibited superior performance with high levels of
ARGs compared to R3, even without OTC in R2. The absolute abundance
of tetX was the highest in the four reactors (Fig. 4) and was 2–3 orders
of magnitude higher than those of tetC, tetG, and tetM, while copA and
intI1 had the lowest absolute abundances. The abundance of copA
showed no significant variation over the whole period (p > 0.05).
The intI1 was also detected in R0 with a tendency of increasing
during the experimental period (Fig. 4), while a tendency of first de
creasing and then increasing was observed in R2 and R3 rather than in
R1. The intI1 could be encoded through selection driven by antibiotics,
heavy metals, co-exist of each other and disinfectants that frequently
belong to water treatment (Rosewarne et al., 2010) by horizontal gene
transfer and thus widespread in various environments (Makowska et al.,
2016). Obviously, the R2 and R3 rather than R1 and R0 possessed the
highest abundances of ARGs and intI1, implying that exposure of ana
mmox sludge to metals and antibiotics could speed up the dissemina
tion and enrichment risk of the ARGs.

variation of the ARGs were the response of the dissemination of anti
biotic resistance need to be distinguished. The ARGs were divided into
three categories according to the different select pressures detected in
this study, metal ARGs (MGE), OTC-ARGs, and class I integron (intI1).
Only 6 ARGs were obtained and quantified by qPCR, including tetC,
tetG, tetM, and tetX, with the select pressure of OTC, along with copA
amplified by Cu2+ and intI1 (Fig. 4).
Although R0 and all other reactors contained ARGs without any
ARGs selected pressure in the P0 phase, a downward trend of tetG and
tetX and nearly no obvious change in copA, tetC, and tetM in R0 were
observed, suggesting that tetracycline resistance genes would attenuate
with no antibiotics or other resistance pressure in the anammox system.
The intI1 in R0 was also detected, with an increasing tendency over the
whole experiment. Numerous investigations have illustrated
that intI1 is easily found in antibiotic-contaminated environments
(Zheng et al., 2020) and is significantly but not completely reduced by
wastewater treatment processes (An et al., 2018).
The variation of OTC-ARGs induced by the same resistance me
chanism at the absolute abundances was different. The absolute abun
dances of efflux pump ARGs such as tetC and tetG in the presence of
Cu2+ and OTC individually and in combination showed different var
iations (Fig. 4). Although tetC and tetG presented various tendencies,
which had the same resistance mechanism named efflux pump genes
drop antibiotic levels by discharging antibiotics from bacterial cells or
shifting them to the peripheral cytoplasm. The absolute abundance of
tetC significantly increased with an increase in OTC and Cu2+ + OTC,
except for tetG. Additionally, the OTC-ARGs in R2 were inhibited by
6
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Fig. 4. Genes copies of detected MRGs, ARGs and intI1in the four reactors quantified by qPCR.

3.6. Correlation analyses of environmental factors and microbial
community

complex relationships of the dominated microbial community with the
key functional genes and heavy metals and antibiotics.

The relationship of anammox performance, including TNRE, NRR,
and effluent nitrogen concentration, with functional genes and ARGs,
was analyzed by RDA (Zhang et al., 2019a). From the RDA, no obvious
change in the distribution of microbial flora was observed in R0. The
addition of 1.0 mg L−1 OTC, Cu2+, and Cu2+ + OTC changed the
microbial community structure slightly (P3), while the presence of the
above inhibitors at 2.0 mg L−1 significantly drop the trend of a dis
crepancy between the microbial community of P4 compared to that of
P0. For R0, Ca. Kuenenia has the positive correlations between effluent
nitrogen level and the absolute abundance of functional genes and
ARGs, implying that stable performance was related to the key func
tional consortium and corresponding metabolic genes.
Ca. Kuenenia showed a positive correlation with NRR and TNRE,
while Cu2+, OTC, and Cu2+ + OTC were negatively correlated with
Ca. Kuenenia, which supported the previous hypothesis that Ca.
Kuenenia is a critical part of anammox performance, and inhibitors are
the key parts that dominate the fluctuation of performance. Notably,
the lower correlation was observed by Ca. Kuenenia and inhibitors in
all experimental reactors, indicating that the promotion of Cu2+, OTC,
and Cu2+ + OTC level changed the succession of the bacterial com
munity structure. Additionally, the functional genes, especially ana
mmox-16S-rRNA and parts of ARGs, were positively related to Ca.
Kuenenia, suggesting that the dominant microbial community with
related functional genes and induced ARGs together affected anammox
performance. Therefore, the change of anammox performance along the
whole experiment was answered by the RDA results by describing the

4. Conclusions
The tolerance and recovery capacity of anammox performance to
OTC was better than that of Cu2+ and Cu2+ + OTC. Although the
performance was inhibited by 1.0 mg L−1 OTC, Cu2+, and
OTC + Cu2+, the performance could resist after the anammox con
sortium adapted to Cu2+ and OTC. Moreover, the reason may be that
the abundance of functional genes and parts of ARGs were positively
related to the dominant bacterium Ca. Kuenenia, implying that the
recovery performance was related to potential resistant species pro
gressively induced after Cu2+ and OTC inhibition.
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